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THE DESIGN OF SEMICONDUCTOR-DIODE DETECTOR CIRCULITS
by
G. R. Curry

M. Axeibank

ABSTRACT

A theoretical and experimental investigation has becn made <{
the design of detector circuits using semiconductor diodes. The de -
tector circuits are intended for use with trangistor < cwits having
impedanc levels of a few thousand ohms and currvent levels of a few
milhhamperes at frequencies up to 100 Mcps. High-impedance detectors
useful for measuring the level of a CW signal, and pulse detectors having
rise-times of the order of 0.1 ysec arce consmdered,

A survey of the hterature on detector -circuit design and sem -
conductor -diode theory 1s given. Be ause of the complex nature of the
semiconductor -dinde, detector -circurt analvses usinp simple diode
equivalent circuits do not yield accurate results at high signal fre-
quenciec. On the other hand. the results of theoretical diode studies
are too complex to he ased for practical detector-circm? design

“ tedtor-design procedure, based on semicondu tor theory
15 presented that permats the calowation of deteoror -aircut performande
on the bas.: of measurements ot the parameters of the diode to be
used. The effects of frequency, diode parameters  aetedctor load and
driving aircuits, temperature, and output (ouvling are considered,
Measurements arce reported that show good agreement wath caloulated
detedctor -araut performance over moderate ranges of the parameters

for high-impedancr and pulse detectors using gormaniun and silicon
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The application of the design theory to the pracrtical design of
detector circuits 13 given in Section V. Sample designs of both high-
impedance and pulse detectors are carried out, and measurements on
sample detectors are reported. Measurements for evaluating the per-
1 formance of several diode types in high-impedance and pulse detector

c1rcults are presented
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I. Introduction

1. Scope of the Study

The design of semiconductor -diode detectors intended for use
with low-level transistor circuits in th. 10-100 Mcps frequency range
is investigated. The detectors operate with input currents of a few
malliamperes and at impedance levels of a few thousand ohms. Varia-
tions 1n detector-circat performance with temperature are considered
at ambient temperatures from 10° C to 50° C.

A procedure, based on semiconductor -diode theory, 15 given
for the design of the detector circints. The design procedure makes
possible the approximate calculation of the performance of a detector
circuit after a few basic measurements have been made on the diode.

Twao types of detectors are studied:

1. High-impedance detector This detector produces small arcunt
loading for CW signals and has near-
deal efficiency Because of ats slow
pulse response and the heavy loading
that it presents to pulsed signals 1
can be used anly with CW sagnals.,

2. Pulse detector This detector as designed for a speaiti
risv-time  Detedtors vaith rise -times
as shott as 0.1 nucroascoond have been
Lt and tested  The detector input
mmpedance s of the order of a tew
thousand ohms Fiticavnoy s less

thaw for the haghampedance dotedtar
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2. Basic Circuit and Definitions

Since the operation of a detector is affected by its signal source,
and a detector driving circuit 1s loaded hy the detector, it is necessary
to design the detector and its driving circuit together. Figure | is a
diagram of the basic circuit. The input signal from a transiator ampli-
fier is assumed to be a sinusoidal current of angular frequency w and
peak amplitude La The output resistance of the source transistor is
included in the circuit load resistance RA . The resonant circuit,
l..A--CA , is tuned (with the detector connected) to resonate at angular
frequency w . Due to the non-linear characteristic of the diode, the
diude current 1 is greater in the positive direction than in the negative
direction, causing the voltage VL developed across the parallel com-
bination of the load resistor RL and the load capacitor CL to have
a positive DC component VL . This voltage has the cffect of back-
biasing the diode, thercby reducing the current flow until an equals-
brium condition is reached. The current efficiency e 18 defined as
the ratio of the DC component 1, of the diode current to the peak value

of the input current lm :

e, & : s VL
T il
Since the detector circust presents a non-linear load to the
sinusoidal current source, the detector wnpue voltage v will not,
gencral, be sinusodal, In many cases, however, the hincar load pre-
scnted by R, and the shunting of harmonic currents by CA cause

the detector anput voltage to be nearly sinusowdal an spite of the non-

v
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Pig. 1. Gquivatont eivavit for dotecter end driving circuit.




hinear loading of the detector itself. Since circuit analyses are greatly
simplified when v is sinusoidal, it 18 convenient to assume that this
is the case. The departure of v from a sinusoid can later be cvaluated
and appropriate corrections can then be made.

When the detector input voltage 1s assumed vinusoidal with peak
amplitude V, the detector voltage efficiency® e s defined as the
ratio of the DC component VL of the detector output voitage to the

peak input vnltage V1

v
= _L
L o

The detector input resistance 18 defined as the ratio of the peak input
voitage V to the peak value of the component of diode current ll‘
having the same frequency and phase as the wnput voltage

R i-ly"
i

The detector anput capacitance 1s defined as the ratio of the component
of the diode current !l" having v .- same frequenty aa the inpat voltage
and leading 1t by 90°, to the product of the angular frequen.y o and
the peak 1nput voltage V

ll“
Cn * oV

[

*Current ethaienty and voltage efficiency are not true efficiencies. but
merely ratios of output to iaput signals
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When v s assumed sinusoidal the current efficiency is given by

e R, R,
[ - Kv. . A in N
i L “A ”m

3. Procedure
A study of the d¢ or literature has beea made. A1 annotated
bibliography appesrs at the <nd of this report. A survey o’ the detector
literature showing the development of detector -circuit theory and
applicable semiconductor -diode theory is presented in Section 1l
Because of the complex nature of the semiconductor diode,
theoretical studies have not yielded results that are directly applicable
to quantitative design of detector circuits employing semiconductor
diodes. However, the theoretical studies have provided a basis for an
approximate design procedure that is presented in Section 111. This
design theory permits the calculation of the voltage efficiency, input
resistance. and input capacitance of a diode detector (assuming a
sinusoidal input voltage} over restricted ranges of the following para-
meters:
l. Diode type,
4. Load resistance R, .

L
3. Load capacitance Cl.
4. Signal frequency
5. Input voltage V
©  Ambient temperature.

The etfect on detector performance of AC and DC coupling of the de-

tector output 18 discussed 1in Section Ul-7  An expression tor the
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departure of the detector input voltage from a sinuenid 18 presented,
and a qualitative discussion of the effect oi ihis departure is given in
Section I11-5.

The results calculated using the detector -design procedure are
compared with measurements for both high-impedance and pulse de-
tectors in Section IV. Measurements are presented that show the
rftect of a non-sinusoidal detector input voltage on detector performance.

The application of the design theory to the practical design of
detector circuits is discussed 1n Section V. The design of both high-
impedance detectors and pulse detectors is illustrated by examples.
Measurements of the performance of sample detectors are reported,
Measurements that comparc the performance of several diode types

in both high-impedance and pulse detectors are presented,

[




II. Survey of Detector Literature
wsdmlm
1. Approximate Analyses Limited to Low Frequencics

Early detector -circuit theory was developed fnr vacuum divdes
at comparatively low frequencies. Reactive effects in the diode are
neglected. 1-4, The diode is usually assumed to present a constant
resistance Ry, to current in the forward direction and to allow no
current flow in the reverse direction, 1-3 A typical voltage-.current
characteristic for such a diode is shown in Fig. 2.

When the detector load time constant RLCL ia much larger
than the reciprocal of the angular signal frequency w , the output
voltage L is almost entirely DC. I the detector input voltage 1s
assumed sinusoidal, the diode current pulse 1s a portion of a sinusoid
as shown in Fig. 2. The voltage efficiency is then

VL
cvt-v—tcola ,

where the angle O%¥ i3 given by an expression obtained by integrating

the current pulse®*s:

tan ©0 - ©
.

R

*Refer to numbered references in the bibliography

**The angle © 1s equal to half the total angle during which conduction
takes place.

$*¢This expression is derived in Reference 3. p, 351, and 1n Reference
4. p. 641 Aplotof ¢ vs, R!/RF appears 1n Reference 3, p. 351,

-3
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" DIODE VOLYAGE

Fig. 2. A simple assumed diode static choracteristic.
Diode voltoge ond current are shown for a particulor
driving voltage and detector configuration.
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The voltage efficiency approaches unity for small values of R!/RL ,
and dacreases as RI/RL increases, The input resistance of the
detector is obtained by & Fourier analysis of the current® pulse:

R
in dtan 6 - 20 ] ()

L - sn

The input resistance approaches RL/ 3 for a voltage efficiency near
uaity, and increases for smalier voltage efficiency since loss power
is transferred from the input circuit to the load resistor. The voltage
sfficiency and input resistance are independent of input signal level as
a consequence of the assumption of constant diode forward reasistance,
Since the load capacitor is assumed to be a short circuit at the signal
frequency, the diode current is in phase with the input voltage and the
input capacitance of the detector circuit is sero.

When the detector load time constant RLCL 1s not large com-
pared with 1/uw , the detector load capacitor C, discharges appreciably
between current pulses, and is recharged during the current pulses,

In this case the detector output voltage v. 18 not pure DC, and the

L
atove results are not valid. M.riquel has shown that the voltage

efficiency is a function of R,./RL and uRLC . but the dependence

L
18 not given in closed form. Graphical calculations of the voltage ef.

ficiency are given for several values of the parameters . ** The

*This expression is derived in Reference 3, p. 352.353, and 1n
Re(;:sr;nce 4, p. 641. A plot of Rm/RL ve e  appears in Reference 3,
P .

*$The results of these calculation are given in Reference I, p. 21. The

work is also summarized 1n Reference 3, pp. 364-370, with the results
of the calculations presented on p, 369.

9




voltage efficiency decreases when uRLCL is reduced be'ow a critical
value that depends on R'/RL . As R,JRL is increased, the value
of “‘"ch. at which e begins to fall is reduced.

No exact solutions for the input resistance and input capacitance
are given for the case when RLCL is not large.® Power relationships
give an estimate of the input resistance: The detector input power Pin
is equal to the power los3 in the dicde PD plus the DC and AC power

dissipated in the load resistance, Pl. and Pl‘l respactively,

P P + P 2
e . L D VR,
lin 'in Vsz
Rin " P + PD )
l:' °v: lin

Thus if the power loss in the diode PD is approximately the same as
for the large load time constant case giving the same efficiercy, and if
the AC power dissipation in the load resistance PLI 1s small com-
pared with the input power Pin , then the detector input resistance is

given approximately by Equation 1| with

-1
© = cos
ey

————

*An approximate method for calculating ey, Rj,, and C,. 1n this case
is given by Whalley, et al , in Reference 4. pp. 643-644. No estimate
of the accuracy is given,

10




When PL! or the increase iu PD is appreciable compared with Pin '
the detector input resistance is smaller than given by Equation 1. When
R; C, is notlarge compared with 1/w . the load capacitor C, is not
an effective bypass to the signal {requency, and a capacitive component
of current flows in the detector circuit, resulting in a non-zero value
for Cm .

When semiconductor diodes are used in detector circuits, the
above theory is extended to take into account the back conduction of
the diodes by assuming & constant resistance Rn to current flow in
the reverse direction, while retaining the assumption of a constant

forward resistance R!. . Using the same methods as above, and

assuming R, C, much larger than l/w,

.

uno -0 _ Rp/Ry ¢ Ry/Ry
] LIR) R

= cos ©
Qv ’

in _ :
R-IL_ . IL 20 - sn 26 ”L
LS A DT R RS

Plots of e and Rm/RL as functions of RR/RL with RL/RF a.a
parameter are shown in Figs. 3 and 4 respectively.®* The voltage ef-

ficiency 1s ncarly equal to that for infinite back resistance if RR/RL

*¥These curves are symilar tu thosc 1n Reference 4, p. 642, but show
greater detail for lov  alues of RR/RL

| 3
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Fig. 3. Voltage efficiency os a function of IR/RL for several
volues of RL/RF.
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Fig. 4. Normalized input resistance os a function of RR/R‘.
for several values RL/ Re. (See text.)
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is greater than five; for values of RR/ R, less than two it is substantially
lower. The input resistance is reduced from the value for infinite back
resistance at larger values of RR/ RL than those tnat affect the voltage
efficiency. Values of Rm/ RL . corresponding with points to the right
of the broken line in Fig. 4, can be calculated with less than 10 percent
error by taking Rp in parallel v:ith the input resistance calculated with
an infinite back recistance. Thin includes most cases of interest,

A further attempt to approximate more closely a semiconductor-
diode characteristic is to move the break point 1n the assumed broken-
linear characteristic from zero to some small positive voltage Va .S
Figure 5 shows such an assuined characteristic along with a measured
static characteristic of a semicanductor diode. (Note that ditferent
current scales are used for positive and negative current.) The equa-

tions for e and R, . assuming RLCL much larger than 1/w, are

as follows,
—_
VB )

ano -0 _ Re/Ry (1 - yooog) ¢ Rp/Ry

" - R C

VB

ev'coa(')-.v— ) for V2v_ .
n 1
R~ (- Vy 'fl.—)(ae--maohl:'

13
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Fig. 5. Comporison of a typical measured diode static
characteristic with « brokenline approximation. (Note
change of current scales.)




¥ St B

Bk B AT MY D R

o W wm e n sy emimag AP

R e

for V= VB

No rectification takes place for input voltages less than VB . As V
becomes larger than VB ,» the voltage efficiency increases und the
input resistance decreases, both approaching the values previously
given for \IB = 0 as V becomes much larger than VB .

Because of the errors in approximating a semiconductor -dicde
static characteristic with two straight lines, calculations of voltage
efficiency and input resistance using the above results give values that
ar: inaccur ste even at low frequencies. However, the analyses do aid
in understanding detector-circuit operation and often give useful qualita-
tive information. Studies of more complex detector cu-c:mu2 and of
the response of detectors to modulated ngmln&'” -35 often employ

these approximations to simplify the analyses and obtain concise

solutions.

2. High-Frequency Analyses Based on Equivalent Circuits

Reactive effects 1n semiconductor diodes can not be negledted an
the design of detectors for the 10-100 Mcps frequency range, The
capacitive effect of the barrier 1n a semironductor diode has long been
recognlzed.5'7 More recently, semiconductor theory has shown how
charge storage in a diode can result 1in an additional capacitive current
acrosc the junc '.wn.s'9 and. at hagh furward currents, 1n an inductive

[+

27
effect 1n the semiconductor material around the Junruun.z. ¢ Whale

efforts arc¢ made to reduce the magmtude of these effects in fasts

15




switching diodes, they still are significant in determining the per-
formance of the detector circuit in the 10-100 Mcps frequency range.

A classical equivalent circuit for a semiconductor diode that
takes the barrier capacitance into account 1s shown in Fig 6&.5’ ! The
resistance due to the ohmic resistivity of the semiconductor material,
callcd the spreading resistance, is represented by Rs . The barrier
capacitance is represented by CB , and the resistance of the barrier
is represented by RB . The assumed value of the barrier resistance
RB veries with the voltage across it; for positive voltages 1t takes on
a low value, and for negative voltages a high value. Llpoato"cs
performed a transient analysis of a detector circuit using this equiva-
lent circuit for the diode. He set Rs equal to an assumed diode

forward resistance RF . and let R_ take the value zero or RR -R

B

for voltages across R, in the forward and reverse directions

B
respectively. At low frequencies, these assumptions correspond to

F

the assumptions of constant forward and back resistances 1n the pre-
ceding analyses. The results of the transient analysis indicate that

the effect of CB 18 t reduce the detector voltage efficiency and input
resistance at high freguency below those obta.ned when CB 18
neghgible. The input resistance 13 affected at a lower frequency than
the voltage efficiency. Experimental verification is given a* 1000 Mcps
Apparently at this frequency the effect of charge storage 1s neghgihle
compared with the effect of the barrier capacitance 1in the diode that
was used., Other studu-s(" 89 show that charge storage tan not be

neglected in the 10-100 Mops trequency range,

16
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Fig. 6. Two equivalent circuits for diodes:
a) Classical equivalent circuit. b) Equivalent

circuit proposed by Heinlein.
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A semiconductor -diode equivalent circuit that takes charge

storage into account is given by Heinlein6 and is shown in Fag. 6b.

The capacitor CB represents the barrier capacitance, and the capaci-
tive charge-storage effect is represented by Cs in conjunction with
the switch S, The charge-storage capacitance Cs is typically 50
times the harrier capacitance g but its value veries with signal
frequency and applied voltage. The switch S is closed when the
voltage VD across the junction is pasitive, allowing Cs to take on

a positive charge, but the switch opens when VD becomes negative,
preventing Cs from taking on a negative charge. The barrier re-
sistance RB is assumed to take on a value of zero or infinity depending
un whether the voltage CD across it is positive or negative. The

battery VB prevents cusrent flow through R, until the junction

B

p s greater than \!B . The combination of Rl . Rz and

L, repsesents the bulk impedance uf the semiconductor material.

voltage ©

At low frequencies the bulk impedance 18 the resistance R,. but at
higher frequencies the impedance increascs arnd becomes partially -
ductive., At very high frequencies, the impedance 18 again resistive
but with a value Rl + RZ .

The physical significance of the various portions of this equiva-
lent circuit for a semiconductor diode 18 best wnderstood 1n the Light of
sevmiconductor theory, a summary of which 1s given below, valcmb
justifies the equivalent circuit on the basis of measurements made on
actual diodes. Because of the complexity of the diode -equiralent car-

cuit only a4 qualitative analysis of the operation of a detedtor Gircuat 18

given. The analysis shows a ~eduction of the detedtor -aarcut imput

18




resistance with increasing frequency, due largely to the effect of the
charge-storage capacitor Cg . A smaller reduction is noted in voltage
efficiency, due principally to the effects of 1.l in tae bulk impedance
and the charge-storage capacitor Cs . Experinmental data are given

that verify qualitatively the results of the analysis.

3. Basic p-n Junction Theory

The complex nature of the 8¢ :niconductor diode makes 1t difficult
to represent the diode by a combination of conventional cir-uit elements
with sufficient accuracy and simplicity to allow an accurate analysis of
a detector circuit in the 10-100 Mcps frequency range. Another
approach to the problem of designing detector circuits 18 to investigate
the physical mechanisms of diode operation and develop formulae ‘hat
can be used with circuit equations tu calculate quantitative results,

The basic theory of p-n junction semicondu« tor diodes has been

8.9

devcloped by Shockley. Diagrams of two types «f Ziodes are shown

i Fig. 7, Figure 7a is a diagram of a planar p-n junction diode such

as 18 analyzed by Shou k)eva"q and others, to, 22

11.13, 14,16

Figure ™ shows a
mede!l commonly proposed for point-contact and bonded
diodes. The basic opcration of both types of diodes 1s brisfly reviewed
in the following paragraphs, *

Impurities are present ain the n-region such that at equalibrium

the concentration of free electrons 1s much greater than the concentra -

tion of holes, Hence n the n-region clectrons are called majority cur

*This dir cussion follows that of Shockley Reference 8 pp., 456462, and
Reterenie 9 pp 309-318

19
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Fig. 7. Models for semiconductor diodes: ' Manor
diode. b) Point contact or bonded diode.
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rent carriers and holes are called minority current carriers. In the
p-region the roles of the holes and electrons are reversed. Whena
positive potential difference is applied between the p- and n-regions,
holes are injected across the barrier into the n-region, increasing the
concentration of minority carriers in the n.ragion above the equilibrium
concentration. Since the resistance in the p-region to the flow of holes
is small, the flow of hole current across the junction 18 largely deter-
inined by the action of the holes :n the n-region, where they are minority
current carriers. Similarly, the flow of electrons across the junction
is largely determined by the action of the clectrons in the p-region
The total diode current 18 the sum of the hole and electron currents
crossing the junction, The magnitudes of the hole and elcctron currents
are not in general equal, but depend on the gcometry of the diode and
the concentrations of impurities in the p- and n-regions. The following
discussion considers only hole cur.cnt, but iduntical reasoning yields
analogous results for electron current.

The hole-current dunsity in the n-region 3; 13 gaven hye

e E-qD <
p ¥p PR A0, ©,

wnere

p - hule densaty |

-

E - elacteic faeld,

Dp - hole ditiusion constant,

*Referewe 9, p. 308, Eq.ation 20

21



= hol bility = qD _/kT ,*
kp ole mobility = q I/

q electron charge ,

k Boltzsmani's constant,

T = absolute temperature,

The first term represents the drift current and the second the diffusion

current. The hole density in the n-region is given by the diffusion

equation, **
p-p i
T . LU A v T
;% Tp q P’
where
P, *° equilibrium hole density in the n-region,
TP = hole lifetime.

The sccond term represents the reduction in hole density due to the
flow of hole current. The first term reprusents a reduction in hole
density caused by the recombination of holes with free electrons in
the n - region. The average distance a hole travels before recombining

is called the hole diffusion length Lp , and 18 given by**s

*Reference 9, p 300, Equation 4.
*¢Reference 9, p. 313, Equation 13

% ¢Rcference 9, p. 314, Equation 18

22
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Shockley solved the above equations under the following

assumptions:

The ‘mnction is planar (as shown in
Fig. 7a). This reduces the equations
to a single dimension.

The junction is narrow compared with
the diffusion length LP . This permats
neglect of recombination in the junction
region.

The p- and n-regions are long com-
pared with the diffusion length Lp .
This provides a boundary condition for

the diffusion equation,*
>>
PP, " for x Lp

The hole density 12 much lawer than the
equilibrium vlectron density. This, in
conjunction with Assumption 2, provides
the second boundary condition:*+

'\TDq,’kT
P-p, ° , for x -0,

where ’VD 18 the voltage across the

junction,

‘The use of this buundaryhu‘r}tﬁnmn 15 1mvhied by Shockley, 8

.9

Clearly stated eisewhere

**Reference 9 p, 312, Equation 8

(2)

Its
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5. The diode current is sufficiently small
so that the voltage drops across the
diffusion regions may be neglected.

With this assumption, the voltage across
the junction 'v'D is equal to the voltage

applied to the diode v This assumption

D"
also allows the neglect of the drift cur-
rent in the current equation.

6. Thec recombination time Tp is con-

stant.

The validity of these assumptions is discussed in Section [1-4.
With the above assumptiona, the current and diffusion equations

become

Jpx = -qu 2 '

#- T_p'P“oo : 3)
t p P oax

where Jp 18 the hole-curirvat density in the x direction. The
x

boundary conditions become:

t’vD o/ kT

p(0) = p, . (4)

p(=) - p_

24
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Shockley" gives the solution to these equations for a diode voltage

vD of a small AC signal of angular frequency w superimposed on a

DC bias:

= jwt
VD V°+Ve .

where V << kT/q . The diffusion equation 1s solved and the result
substituted into the current equation. The hole.current density at
the junction is found by setting x = 0 .
The DC hole-current density JPo is found to be
qp, D Vo /KT
-1
o * 1;2 (e ¥
The DC hole current lPo is obtained by multiplying the DC hole-current
density by the junction area A :
qAp D V q/kT
S 3 e © < 1) .

b, * T

A corresponding expression is obtained for the DC elediron current

] » and the total DC divde current [, 1s

o
p,D n D V q/kT
. ) P nn, o .
Iy Ipu + l“o qA ( “Lp + *I::\-) (v ).

It 18 convenlent to define

l’pll D " Dy "
qA t e ' {fur wide planar diode).
s L“r"!,p T



Then

vo q/kT
S ls (e -1, (5)

This is the conventional® expunential expression for the DC characteris-
tic of a semiconductor diode. For large negative applicd voltage Vo )
the DC current approaches lg . Hence Ig is called the reverse satura-
tion current.

The AC hole-current density Jpl and hole current IP are
1

given by
|
AP,k . 3 YV, VKT
AP . 2 vo kT
lpl = _L_E (l + JHTP) e v

P

At a fixed frequency, the hole current varies exponentially with the

DC bias voltage V

o + and linearly with the applhied AC voltage v.

The latter result 18 a consequence of the assumption that V 1s mun
smaller than kT/q , which 15 equivalent to assuming that the diode
18 lincar over the range of V  The frequency dependence of the hole

/2

currcent 1s given by the term (1 ¢+ ijp)l It 18 convement to
define the cffective hule -diffusion length Lp for the diode being con-
(Y

sidered to include this frequency dependence *®

*Reference 7, p. 82,

**See Reference 10, p, 1185,
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L

L = —-——1'-—172- (for wide planar diode).
Py (1+ jw‘rp)

The AC hole current is then

qAp b, V a/kT
lp‘ - "!"‘P‘ ¢

P,

v

The real and imaginary parts of the hole current, normahised
by dividi g by the low-frequency value of hole current, are plotted as
functions of wrp in Fig. 8. The curves for w“/l..p t ® apply to
the diode having wide diffusion regions that has been considered. The
real part of the hole current (in phase with the applied voltage) 1s
nearly constant with {requency at angular frequencies well balow Z/Tp.
and increases with frequency at a rate approaching 3 db per octave at
angular frequencies well above Z/Tp. The imaginary part of the hole
current (leading the applied voltage by 90 degrees) increases with
frequency at a 6 db-per-octave rate at angular frequencies well below
Z/fp.« and lessens its rate of increase to 3 db per octave at angular
frequencies well above Z/rp. Thus at angular frequencies weill below
2/1'p the diode hole current 1s analogous to the current through the
parallel combination of a fixed resistance and a fixed capacitance., At
angular frequencies well above 2./7p the resistor and capacitor both
decrease 1n value with increasing frequency at a rate of 3 db per octave.

The corresponding expression for the AC electron current 1

\

18
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nA nov, evo kT

where

2 L {for wide planar diode).

o ejeT )

The AC electron current behaves in the same way as the AC hole cur-
rent, but sir..e the constants in the expressions are different, the
magnitudesof the two currents are in general different. The frequency
dependcnce of the normalized electron current 1s given by Fig. 8 if
the horizontal scale is calibrated in units of w T, , which will in

general be different from uTP . The total AC diode current is

V o/kT p » n oy

. . o n n'n
L lpl + l“l qAe (.E.E + .E.n__)v. (6)

w [}

The total AC diode current varies with the applied DC bias and AC
voltage in the same way an the hole and electron currents. The vania-
tion of Xl with frequency is the appropriately weighted average of the
variations of !Pl and l“l with frequency

The above analysis may be modified to apply to a planar diode
having diffusion vegions that are not long compared with the diftusion
lengths 1o In this case Assumption 3 18 not vaiid, and the boundary
condition given in Equation & i1s replaced by

P-P, for x=Wn
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where

L
- n

L . (for wide planar diode).
TN ju‘?n)m

The AC electron current behaves in the same way as the AC hole cur-
rent, but since the constants in the expressions are diffeient, the
magnitudes of the two currents are in general different. The frequency
dependence of the normaliaed electron current i1s given by Fig. 8 1f

the horizontal scale ia calibrated 1n units of w Tn » which wiil 1n

general be different from qu . The total AC diode current 18

V /kT p u n oy
bopy "l P, Enu

The total AC diode current varies with the apphied DC bias and AC
voltage in the same way as the holc and electron currents The varia
tion of ll with frequency 18 the appropriately weighted average of the
variations of lpl and l“l with frequency.

The abave analysis may be modiiied to applv to a planar diode
having diffusion regions that are not long compared with the diffusion
lengths. 10 In this case Assumption 3 18 not valid, and the boundary
conditinn given in Equation &1s replaced by

PP, for x = W"
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The DC diode current I  for the diode having narrow diffusion regions
is again given by Equation 5, but the value of the reverse saturation

current ls is given by

A Py D "n Dn
s q .+ ’
s f;ﬁ'nﬁ &J Ep L. tanh W 7!:“
(for narrow planar diode).

The AC diode current ll is given by Equation 6, but the effective

daiffusion le .gths LP... and L,,u that determine the frequency dependence
of the AC current are given by
! ;
+tjwT
L - L, tanh ,wn/_l‘p“ jw P)i
v (a+ Jw‘fp)vr

(for narrow planar
dionde).

L

L. L, tanh [Wp/l-n(l tjwT)
n

w (et Ve

The rcal and imaginary parts of the AC diode hole current lpl ., nor-
malized by dividing by the low-frequency value of lpl ., arc plotted as
functions of qu in Fig. 8. Curves arc given for values of n-region
width Wn of Lp and LP/4 . along with the curves for the wu;e‘ n-
region cane. The curves show that  for the same value of Tp . a diode
having a narrow n-region maintaina s low.freguency behavior to
higher frequencies than a diode having a wide n-region. The change

in the frequency dependence 18 marked only if the n-region wadth W“

is smaller than the hole -diffusion length l.P . The curves ~{ Fug 8
also give the normahized electron current 1f the horizontal scale 18

calivrated i units of w fn
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The analysis of a diode havirg the hemispheric configuration*
shown in Fig. Tb can be made by writing the diffusion equation and
current equation in spherical coordinates and assuming only radial
variation of hole density and hole-current density. 1f Assumptions 2,
4, 5, and 6 are applied, the diffusion equation and current equation

take the form,

P-P 2
R R GE R

Jprt -qu :E )

where JP is hole-current deusity in the radial direction For the
r
diode shown in Fig. T™h, the boundary conditions become

qu/kt
plry) = p, ¢ :

P('s) Bl

n

It is assumed here that the diode base material 16 n-type and that the
small volume around the contact point 1s p-type A corrcsponding
analysis of p-type base diodes can be made following the same pro-
cedures .

The solution of these equations shows that the DC and AC diode
currents 10 and ll are again given by equations 5 and 6 respectively

In this case, the reverse saturation curront l& 18 given by

*See tor example Reterences 13 and 14
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I.=qA |p.D { + =)
S n Ta = F r
Ltmh(.fr_z) 2
P
| 1
+nnDn( (rz-r‘) ';';)1’
L_tanh
T, J

{for hemispheric diode),

and the effective diffusion lengths l‘p and Ln are given by
w w

NNV
1 {1 +Ju1’P) . 1
r-.- ’

Lp ) ry - T, /2 2
W 1,ptu:h—[.—-!‘——-p (1 +ju1'p)

KX jun)‘/‘

1 1
L ¥, - T - T,
n 271 , /2 2
w Ln tanh [_!:_ (1 ¢ ijn) i

-

(for hemispheric diode).

The first terms 1 the above expressions are equal to the expressions

for I/LP and I/an for a narrow planar diode having curresponding

("]
p- and n-region widths:

Th: real part of I/Lp 1» laryer than that {or thy narrow planar diode
Y]
by l/'rz . and the real part of '.,,l'n i smaller by the same amount

w
The variation of the real parts of the AC hole and electron currents
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with frequency is shown by an exainple in Fig. 9. The hole and electron
currents are normalized by dividing by their low-frequency values,
and are plotted as functions of qu and an respectively. The
addition of the constant term to the hole current extends its low-frequency
behavior to higher frequencies, while the subtraction of the constant
term from the electron current reduces the range of low-frequency
behavior, *
The aralyses given above show how the diode operation is
affected by the changes in geometry:
1. The DC current and the low-frequency AC
current are changed by a constant factor
2. The frequency dependence of the AC cur-
rent 18 mod:fied. The frequency range
over which the diode resistance and capa-
citance are constant is extended by making
the diffusion regions narrow, and by using
the hemispheric geometry (providing the

hole current predorninates),

4. Limitations and Extenaions of Basic p-n Junction Theory

It 1s necessary to examine the assumptions made 1n the analyscs
of diode operation in dection 11-3 to determine the applicability of the
results to circwit design problems. Assumptions 1 2. and 3 concern

the geometry of the diode. When diodes having geometry different

*See Reterence 13, pp 40-41
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from that atalyzed by Shockley are considered, an appropriate diode
geometry is assumed and Assumptions 1 and 3 are modified accordingly.
For each type of diode, the geometry assumed is generally thought to
be valid,* at least to a first approximation. Substantial discrepancies
between theoretical and experimental results are explained by other
effccts. Assumptions 4, 5, and 6 are found to te valid only at very low
signal levels ,** much lower than those normally found in detector cir-
cuits. Much work has been done to extend the analysis to obtain re-
sults valid at larger signal levels .‘"'27
For applied DC voltages of the order of 0.1 volt and larger, an
appreciable part of the applied voltage is developed across the semi-
conductor diffusion regions, resulting in the junction voltage ‘V‘D being

smaller than the applied voltage v Classical theory*** took this

D"
into account by assuming a resistance Rs . called the spreading re-

sistance, in series with the dinde junction. Equation 5 then becomes

(vp, - iRg)q 1

e kT -II

Hls[‘:qu/kt -‘]

For large applied voltages, the toal diode resistance was assumed to
approach RS . Semiconductor theory shows that as the diode current
incrrases, more charge carriers are present in the diffusion regions

and the bulk resistivaity of the sem.conductor 1s thereby rv:ducedn'"“'la

*For example see Refereace 8. p 456; and Reference 14, p 270,
*¥Si ¢ References 13, 14, 15, 22, 23, and 24

***x5ee Reference 7 p 8)
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The diode spreading resistance is not, then, a constant, but decreases
with increasing forward current,

The semiconductor bulk resistivity 1s reduced oriy after the
carriers flow into the diffusion regions. Therefore at high frequencies
the diode current tends to lag behind the voltage across the diffusion
regiona, giving rise to an inductive component of the bulk impedance. 25-27
The effect of this inductive reactance is larger at higher forward cur-
rents and at higher frequencies.

An appreciable voltage acioss the diffusion region results in
a drift component of current that can no longer be neglected ia com-
parison with diffusion current. When the drift current term 1s retained
it the current equation, the resulting diffusion equation 18 non-linear,
making 1ts solution extremely difficult * Some of the paperl“'u' 14.19
discussed below take i1nto account the drift current and. by making
appropriate smimphfications, obtain solutions for the static diode charac-
teristic

When the concentration of minority carricrs near the junction
approaches the equilibrium concentration of majority carriers . the
solution of the simplifird diifusion equation (Equation 3) using the
boundary condition given by Equation 4, 18 not valid 14 22.23 This
condition exista in practical diodes at levels tar below those normally

, 22
found 1n detector circuits ** Rattner  has moditied the diffusion

equalion so that the simple boundary condition given in Equation 4 may

*Reference 22, p 1163

**See Reference 14, p 244, ard Reference 22 p Llod Equations 28
to 32 1n Reference 22 are applicable to diodes as well as transistors
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be applied at high levels., A general solution of the modified diffusion

23,24 has derived a madified boundary

equation is not given. Misawa
condition that can be used with the simplified diffusion equation given
in Equation 3 at high levels, A general solution of the diffusion equa-
tion, using this boundary condition, is not given,
Hallls has shown that the recombination times ‘Tp and Tn are
not constant when:the concentration of minority carriers approaches
the coucentration of majority carriers. The recombination times de-
crease with increasing forward current from their low-level vaiues
and approach constant values when the minority-carrier concentrations
bi:come greater than 100 times thc majority-carrier concentrations.
If ‘Tp and ’Tn are known as functions of DC current, then the small
signal (V << kT/q) AC current is still given by Equation 6. For
larger AC signals, ‘I’P and 1’" vary with time, making the solution
of the diffusion equation difficult.
Factors that affect the diode current generally affect the hLole
and electron rurrents crossing the p-n junction by different amounts
Thus, the pontions of the total diode current carried across the junction
by holcs and by electron vary with smignal level and signal frequency,
A complete solution for the diode current resulting from large
applied AC and DC voltages 18 extremely dafficult to obtain  Several
analyses have yiclded solutions for the static diode characteristic .13.18.19
In each of these analyses specific diode parameters were assumed
and appropr.ate simplifications and approxiraations were made. The

characteristics were then calculated numerically  Three typical static

characterisnics obtaised in these analyses are shown in kg, 10 along
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Fig. 10. Three calculated static characteristics for

hemispheric diodes. An "ideol" exponential char-
acteristic is shawn for comporison.
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with a curve representing an "ideal' diode having an exponential
characteristic. Although the parameters assumed in the analyses
differ somewhat, the shapes of the three curves are seen to be
similar. In each case hemispheric geometry, appropriate for point-
contact or bonded diodes, was assumed. Each of the characteristics
departs from exponential at approximatcly 0.1 valt; the current rising

16

less rapidly for larger voltages. Swanson  gives theoretical justifi-

7 o/ 2kT
characteristic in the range

cation for a region following an e
just above 0.1 volt. At high levels the characteristic becomes
approximately quadratic.* Comparisons of the calculated characteristics
with measurements give good agreement,

Large AC signals are treated in the classical theory** by neg-

lecting reactive effects and assuming that the diode current-voltage

characteristic is exponential:
\'Dq/k'!'
i= Is (e - 1)
For an applied voltage

. ywt
\D vo0Vc '

the DC and AC diode current components are given by

*Reference 16, p. 320.

**Reference 7, p 155, and Reference 10.
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where Io and ll are modified Bessel functions of orders zero and
one respectively.. Since reactive efiects are important in the 1-100
Mcps fr quency range, and the exponential characteristic is not valid
for voltages greater than 0.} volt, this treatment is not particularly
useful for detector -circuit design.

Large-signal analyses that take into account departures ot the
diode characteristic from exponential and diode reactive effects lead
to complex equations that are diffic::it to solve. In one analys:s 12 a
simplified diode model was assumed consistang of & resistance in
series with a diode that follows the small -signal equations at large
signal levels. Even in this case numerical methods were necessary
to obtain a solution While the possihility exists of solving the com-
plex diode equations by using an analog or digital computer, the
necessity of tabulating solutions for large ranges of many variables

o kes such a method of questionable value fur carcuit design

5. Diode Reverse-Bias Characterintics

The l.mitations 1n the basic p-n junction theory discussed abuve
apply when the diode forward current 1s large. Since large reverse
currents do not occur ishort of reverse breakdown). these lmatat.ons

do not apply to the reverse characteristios ot semiconductor diodes .,
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However, the application of a reverse voltage across the junction
results in widening of the barrier region that modifies the diode
characteristica. The results of the preceding analyscs predict that
for reverse-bias voltages greater than a few times k1/q, the diode
DC current 1 approaches the value “Ig and the incremental AC
diode current ll approaches xero. The variation in the width of the
barrier region with reverse voltage can resull in 2 reverse current
that is larger than )s » and in larger incremental AC current than
predicted by the basic p-n junction theory.

Shockley* has shown that the width W of the barrier region

1in an abrupt-junction planar diode with reverse bias is given by:

where h' is the dialectric constant of the semiconductor material

and Vo is *he contact potential between the p- and n-type semiconductor
materials, which is normally 0 2to 0 5 volt. Nelson** has calculated
the barrier-region width in an abrupt-junction hemispheric diode For
small reverse biases the barrier region wadth W varies with reverse
bias 1n approximately the same way as for the planar diodc; for larger
reverse biases the barrier-region width may be somewhat larger or
smaller than for the planar diode, depending on the relative concentra-

tions of holes and electrons in the diode diffusion regiona

*Reference 8, p. 450, Equation & 53

**Reference 14, p 272
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The presence of layers of charges on >ach side of the barrier
region of a reverse-biased diode results in a component of diode
capacitance called the barrier capacitance CB .8 bince the capacitance
resulting from the diode diffusion current approaches zero for reverse
bias, the barrier capacitance accounts for practically the entire diode
capacitance for reverse bias greater than 0.1 volt. The magnitude
of the barrier capacitance CB varies inversely with the barrier

region width W . For abrupt-junction planar cliocle-8 .

Cp * % v i v
P n o D

A similar expression gives the approximate relationship for abrupt-
jun_:tion hemispheric diodes for small reverse biases . *

The widening of the junction region may result 1n an increare
of reverse current with reverse-bias voltage. It has been shuwa that,
in diodes made of high-resistivity material. e.g.. silicon, the genera-
tion of current carriers in the transition regron results in a component
of reverse current that varies with the barrier wadth.** [n diodes
having narrow diffusion regions, the widening of the barrier region
results 1n an appreciable narrowing of the diffusion region. Nelaonn' 14
has shown that this narrowing of the diffusion regions results in an in-
crease in the reverse diode current that 1s approximately proportional

to the square root of the potential across the harrier (vo Y In

p!-
both cases the reverse diode characteristic 1s approximately given by

*Reference 14, p, 273, 1 Reference 13, pp. 50-51, Nelson shows that
in a typical hemispheric - junction diode the inverse -square-root rela-
tionship 18 in error by only 25 perc 'nt for u roverse bhas as large as
10 volts

*#*Reterence 21, po 1232
13
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where D is a constant depending on the diode parameters.
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1l Theorl for Detector Deli'n
— 3
1. Basis of Design Procedure

Because of the complex nature of the semiconductor diode, it is
necessary to resort to approximations in describing its operation if the
description is to be simple enough tc be useful in designing practical
detector circuits. In the procedure that is developed here, measure-
ments are made of a few diode parameters, and expressions for the
diode pcrformance arq given in terms of these parameters. 1t is as-
sumed that these expreasions approximate the actual diode behavior
over the range of operating conditions found 1 the detector circuit.

The express.ons are then used to calculate the performance of detector
circuit.

A procedure is first developed for calculating the performance
of a detector circuit having a large load capacitor CL and driven by
a sinusoidal input voltage V . An approximate method 1s then given for
evaluating the changes 1n detector performance resulting from o detector
load capacitance that is not large. An approximate expression 13 de-
rived for the flattening of the detec tor input voltage waveform when the
detector is not driven from a volta ,~ source, and the effects of this
flattening on detector performance are discussed., Expressions for
evaiuating the effects of small changes 1n ambient temperature on

detector performance are given. The effects on detector-aircuit per-
formance of the output couphing circuit are discussed. Finally, the

theory for calculating the transient respoase of pulse detector tar:uits

18 given,
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2. low-Frequency Operation

In Section 1]1-4 it was shown that the DC diode current departed

markedly from the "ideal" characteristic
v /T
i= " [. D - ] ’

for values of applied voltage vp Sreater than 0.1 volt. However, values
of the constants may be chosen so that an exponential expression gives
a good approximation to a diode static characteristic over a restricted
range of levels, Figures 11! and 12 show the measured forward and
raverse characteristics respectively of a typical germanium diode,

along with approximations to the characteristics, Curve A on both

figures follows the expression

vD/O.Ol‘"

i= 0.001 (e -,

where i is the diode current in milliamperes and v is the diode

D
voltage in volts. This expression gives a fair approximation to the
forward diode characteristic for voitages less than 0 25 volt, but it
1s not a good approximation to the back characteristic due to the
failure of the diode back current to saturate for large values of back

voltage. A better approximation is obtained by adding a linear term

to the diode current. Curve C in Figure 12 follows *he expression

vd0.0377

15 0.001 (e - 1) ¢ v[/2270

and gives a good approximation to the diode back characterista.. The
linecar teesm 18 90 small that 1ts effect o the forward chara.teristic 18

neghigible
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Al toxt.)
|
R
- APPROXIMATION
FOR PULSE
DETECTORS
2
s
=
- “os

FORWARD VOLTAGE {vein)

3 4 i - 1 |
A

HEVERSE VOLTAGE (voits)

Fig. 12. A measured diode reverse characteristic and two
approximations. (See text.)
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An expression of this sort can be used to approximate the diode
static characteristic for the design of high-impedance detectors, since
the voliage range over which it is a good approximatio. to the diode
characteristic includes the range of voltages applied to the divde., This
can be shown by an example: With a peak detector input voitage V of
1.0 voit, the detector output voltage VL cannot exceed 1.0 volt.
Assuming a load resistance RL of one megohm, the average diode
current 1  is less than 1.0 pamp. Thus the diode must be biased in
the reverse region most of the time. The peak diode forward current
lp may be estimated by using « : linear approximation for the diode
furward characteristic as described in Section [1-1, For an ussumed

diode forward resistance R‘. .

where the voltage efficiency e, )8 givenan Section I1-1, An assumed
value of R!. of 10 ohms gives a peak diode current of 112 yamp, which
18 well within the raage where the approximation 18 valid. A larger
value of RF would be more realistic, and would yield a smaller value
of lp

Similar reassoning shows that a diode 1r a pulse detector aarcunt
having a load resistance RL vl a tew thousand ohms may hav: forward

currents of several ma for detector input voliages of the order of one

volt, Curve B n Figure 11 follows the expression

\’d’0.0"’z

1 -0.019 (e - 1),

%



e At TR

AR
T

onan o ——

AR AT Ty

and gives i. good approximation to the diode characteristic in the 0,15
to 0.45 volt range. Such a curve can be used to approxumate the diode
forward characteristic for the design of low-level pulse detectors,
since mosat of the forward current flows in the region where the ap-
proximation is good. The reverse-saturation current for this assumed
characteristic is 19 yamp, which 18 not u good approximation to the
diode back characteristic. In a typical pulse detector, however, the
load resis or RL discharges the load capacitnr CL with a current
of the order of 0.29 ma. An inaccuracy in the assumed diode back
characteristic of a few microamperes can be therefore neglected.

It is assumed that an expression of the form

il (ev"/c -0+ vpfRp

can be used to approximate the static characteristic of a semiconductor
diode for the design of detector circuits when appropriate values of XR .
¢ and RR are selected. If a sinusoidal detector 1npu* voltage V and
a large load capacitor CL arc assumed, the voitage across the diode

18

VD * Veos Wt - VL

Using the approximate diode static characteriatic, the diode current
for low-frequend y input signals 18 given by

“ Vcos ot - V

..._.__...l.: Vios wt - V

y - IR (e

{
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The DC and fundamental AC compor.ents of this current are found by

Fourier analysis:

~VL/c

L= 1y [e I, (V/e) - l] - Vy /Ry .A

.VL/C (low frequency),
=2l e I, (V/e) + V/Rp :

where lo ard 11 are modified Bessel functions of orders zero and

one respeciively. Using the relation
I,* V /R

an expression relating V and VL is obtained:

VL(RL + RR)
RL"R

Vv, /c
+1] e b =jo(V/C).

This expression can be evaluated graphically using tabuhtedss values

of I . and the detector voltage efficiency calculated:

e,V /V

Values of ‘0 for arguments from 0 to 28 are plotted 1n Figure 13. For

arguments greater than 15, [0 18 given by the relation

i, x)=

(x > 15) ,
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with leas than 1 percent error.*
The detector input resistance Rin may be calculated once the

value of VL resulting from a gaven V 18 known:

ah\ =

1<

2 -V /c
T e =

'low frequency).

ap [vomy *n,‘) Juoie
v

R LA Ry

The second expression is useful for computation since the exponential
is not present. A plot of ll/&: for arguments from 0 to 20 1s given in
Figure 14. For large values of the argument, ll/jo approac hes unity,

When a pulse detector circuit is analysed, an infinite value can
usually be assumed for RR . The preceding results show that when
llll is finite, it appears as a resistance i1n parallel with the detector
load resistance Rl. in the DC equation from which the voltage efficaency
is obtained, and as a resistance shunting the detector input carcuit in
the AC equation from which R, 1 calculated. These simple relation-
ships are useful in determining when 4 finite value of RR should be
assumed,

The F. rier analysis of the diode current shows *hat the

fundamental AC current component 1, wn phase with the input voltage

V . and hence that the detector 1nput capacitance 18 zero. This s a

——

*S-¢ Reference 36, p. xxxav, Equation 35a
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result of the assumption that at low frequencies the diode current
follows the assumed static characteristic and that charge-storage
effects are negligible. However, even at low frequencies where capaci-
tance due to charge-storage is negligible, the barrier capacitance CB
is present. In practical cases the barrier capacitance CB may be
assumed to shunt the diode, and is much smaller than the load capaci-
tance CL . The barrier capacitance 1n effect shunts the detector input

circuit, and hence:

cin = (2B » (low frequency) .

The variation of the barrier capacitance CB with reverse bias (here
provided by the detector output volitage VL) 18 best found experimentally,
In many cases this variation 18 small over the range of operating

vultages, and an average value of CB may be used.

3. Extension to High Frequencies

In the 10-100 Mcps frequency range detector -circult performance
is affected by charge storage and the results of the preceding discussion
must be modified In order to evaluate the effects of charge s*orage
it 18 first assumed {tontrary to fact) that the simphfied diffusiorn
equations, usea by Sho(ldey8 9 for small signals, are applicable at the
signal levels found i1n detector circuits  The solution of these equations

for an applied voltage.

vD. Vios ot - V. X))
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is given in Appendix A. The DC and AC diode current components are

given by

vk L]

V. o/k pn“p nn
- 'r [p
‘1‘“s° L ll(g%) in anl;L + (8)
n n'n
Lp t * Q)
w w

using the same symbols as in Section 1I-3, The DC current component
‘Q doea not vary with frequency, and the AC current ll varies with
frequency in the same way that the small-signal current was found to
vary in Section 11-3.

This result suggests approximating the DC and AC diode wurrent

compoaents respectively by

[ -VL/c ]
. - - 14
- 1g e 1, (V/e) -1 ‘L/Ra . (9

-V /‘" .
1 -2, ¢ b 1, v/ [G(u) ' jB(u)] ' ﬁ'_i¢ WVeCy . (10)

The approximate expression for the DC diode current does not vary wath
frequency, and is the same expression that 18 used 10 approximate the
DC current at low mignal frequencies. The approximate expression for
the AC diode current 18 simlar to that used at jow frequencies, except
that the first term an the expression the term resulting from the non-

Linear diode charactormstic, s multiplied by the factor [G(u) + )B(w)] .
w
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called the charge-storage factor. The last term represents the current
through the barrier capacitance CB . The charge-storage factor cor-
responds to the bracketed term in Equation 8, and gives the variation of
the AC diode current with frequency. At low frequencies the charge-
starage factor approaches unity, so that the approximate expression

for the AC diode current is the same as that used at low frequencies.
The charge-storage factor increases with frequency i1n similar fashion
to the normalised hole currents plotted in Figs. 8 and 9, In practice
the charge-storage factor is obtained experimentally.

The detector voltage efficiency e, that is calculated using this
approximation is the same as that calculated at low frequencies, since
the expression for the DC current is the same. The detector input
resistance Rin is calculated in thc same way as at low frequencies,

but using only the real part of the approximate AC diode current;

=
+

Rin 21 -V . /c
-vn- e L 1‘ (V/<)Glw) ¢+ ‘.';

-

2, |V (R, +R) 1, v/

1
TETR — 'Y e G
ROLOR e E;

(]

In cases where RR 18 assumed 1nfinite, the input resistance 1s equal
to the valiie calculated at low frequencies divided by the real part of
the charge-storage factor G(w) - The capacitance of the junctuion CJ

18 calculated uging the 1maginary part of the assumed AC diode current;
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-V /c
g e L1 tv/<) Bea)

CJ - uv + CB .

When the peak forward diode current is small, as is the case
for high-impedance detectors, the detector input capacitance is approxi-
mately equal to the diode junction capacitance C 3 However, when
large forward current flows in the diode, the bulk impedance of the
diffusion regions has an appreciable inductive component, 35-27 The

effect of this inductance in series with the junctiun 18 to reduce the input

capacitance C, from the low-level value of C 3¢

L wl. << R
cin ~ CJ - ___!_2 . s in
Rin “c.l «V Rin

The effective series inductance L o depends on the diode parameters

and operating conditions.

4, Kffects of Detector Loads Having Short Tume Constants

When detectors are designed to detect modulated signals, the
time constant RL CL of the detector load must be small enough to
permit the detector output voltage to follow the modulation at the
detector input,.* In some cases the required detector load time con-
stant i» small enough to allow an appreciable AC sigual to develop

across the detector load. In such cases the voltage across the diode is

*The design of detectors having speaified response times 18 discussed
in Sections 111-8,
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different from that assumed in the preceding analysis, and the detector
performance differs appreciably irom that predicted. In general,
reducing the time constant RLCL results in a reduction in voltage
efficiency e and increases in input resisiance Rin and input capaci-
tance cin . An approximate method for evaluating these effects is
given below. ®

The detector output voltage is assumed to consist of a DC term
V, and an AC term containing only the fundamental frequency component

L
Vo . lagging the detector input voltage V by an angle ¢ :

vL=VL+V°col(ut-¢).

The voltage vp across the diode is then

vp © Vcos ut V,cus (&t @) - VL '

= V'cos (wt ¢ 8) - VL '

where the AC diode voltage V' and its phase angle 3 relative to the
detector input voltage V are related to V, vV, + and ¢ as shown

in the vector diagram of Figure 15, The accond form ot the expression
for the diode voltage YD differs from that previously assumed
{Equation 7) only in the amphitude and phase of the AC signal. Making
the same approximations as in the abcve deravation, the DC and AC
diode current components are given by Equations 9 and 10 with V*
substituted for V and with the pnase of the AC current taken with

respect tv V':

*The approach here 18 similar to that used 1n Reference 4, but wih a
better approxination to the diode chdracteristac,
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. [e-vL/c I, (V<) - 1} - Vi /Rp

-V . /c '
1% Uy e L 1, v [G(u) + jB(u)] + R!; +jVWCy -

Given a value of V', the corresponding values of VL R Io and
1, are calculated in the same way as previously., Since the diode AC

voltage V' is not in general equal to the detector input voltage V , the

quantities
VI
R' 2 e—
in '
Re [1,]
Im ll’]
C;n e '

are not the detector input resistance and i1nput capacitance, but only
quantities relating the AC diode current to the AC diode voltage. The
vector representation of the AC diode current I, and its components
is shown in Figure 15, The phase angle by which ll leads V' is

called a:

The AC voltage Vo developed across the detector load circuit

by the AC diode current ll is given by
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l- juRLCL

&
1+ (uRLCL)

L

where the phase of Vo is relative to 1, . The locus of Vo for varying
CL is a semicircle having the vector ll RL as its diameter, as shown
in Fig. 15, The phase of Vo lags I, byanangle ¢,

1
tan uRLCL-6=a+B¢¢.

The detector input voltage V is the vector sum of V' and Vo . The
magnitude of the detector input voltage is given by
R 2

L cos (6 - a) cos ©
VEVIEQLY g cos a

in

D1
R 2
L sin (O - @) cos © 4
+ n ) co ]

in cCos o

-

and the phass angle f by which V lags V' by

#1n (0 - a) o8 ©
o8 a

[ R,
R
1 n

lL cos (O - a) cos ©
tUS o

B = tan”

1+
in
- 4

where R'm and a are the values corresponding to the assumed diode

voltage V' . The detector circuit parameters for an input voltage V

are readily calculated:

()



in 'll| cos (a +f)

1,1 sin (@ + )
Cin® wV )

The fact that the output voltage v, ina detector having & small
load-circuit time constant contains harinonics of the signal frequency
as well as the DC and fundamental frequency AC components that were
assumed, results in inaccuracies in the circuit parameters calculated
using this method, In general, the reduction of voitage efficiency e,
and the increases of input resistance Rxn and input capacitance Cm
resulting from a reduced load time constant are greater than those
calculated using the method described ahove, In many practical detector
circuits, the reduction in e, and increases in Rin and Cm are
themselves small, and the errors in the calculated performance can be

neglected,

S, The Effect of a Low-Q Driving Circurt

It has been assumed in the preceding analys:s that the detector
input voltage v (see Fig. 1) 1s sinusoidal. This 18 a good approximation
when the Q of the tuned circuit loaded by the detector is high, since
appreciable harmonic voltage cumponents cannot exast across a high-Q
tuned caircuit, However, 1n many cases of practical interest, the Q of

the tuned circuit 18 not 'arge, and the non-linear loading of the detector
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circuit results in a nor-sinusoidal voltage across the tuned circuit and
the detector input, In the foliowing discussion an expression for esti-
mating the departure of the input voltage v from a sinusoid is developed,
«nd the effect of this departure on the performance of the detector

circuit is considered,

When the Q of the tuned circuit loaded by a detector is low, the
current drawn by the detectur during the positive peak of the detector
input signal causes a flattening of the voltage waveform. The resulting
detector input voltage v contains a fundamental component and har-
monics,

A measure of the flattening of the voltage waveform 1s the ratio
of the magnitude of the second harmonic voltage component VZ to the
fundamental voltage component V . The second harmon:ic voltage v,
is developed by the saecond harmonic diode current I, which must
flow through the tuned driving circuit since the input current 1, 1
assumed sinusuidal (see Fig. 1). The magnitude of the second harmonic

voltage Vz is given by
vl = I1,2,| .

where Zz 18 the wnpedance of the tuned circwit at the second harmonic
frequency, The second harmonit diode current 1, can be approximated
by the second harmonic current calculated 1n Appendix A for a sinusoidal

input veltage V@
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Using the approximations of Section UI-3,
-V /c
L=, e L 1, (V/e) [@;mn jB(Zu)] .

(Since only fundamental frequency diode voltage I is assumed, there
are no terms in the expression for 1, corrcsponding to the last two
terms in Equation 10.) The tmpedance of the tuned circuit at twice

the signal frequency is given by

Ro

‘zzl ® 3 )
1+ (3 uRACA)z

where w is the angular frequency of the input signal  The fundamental
voltage component V is given by
-V, /¢

.
ViR Re(l]] R e Y v G

the current V/RR being neglected 1n comparison with the other term,
Combining these cxpressions, the ratio of second harmonme

voltage to fundamental voltage s given by:
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lvz | = Ra L) 6e) ¢ jBG2a)]
v P D11/ I - R
Rin {1+ (3 “RACA)

In many cases, ( %uRA (:A )2 is much larger than unity, and the ex-

pression can be simplified:

,"z = o LV G + jBW)]
v SwRint'A IXIWC, ’ G(w) !
3 2 T
L(! R, C, )¢ > lj :

The function lz(x)/jl(x) 18 plotted as a function of x 1n Fig. 14, For
large values of the argument the fundtion approaches umity. The values
of lG(Zw) + jB(Zu)l and G(w) can be found by measurement, The
factor IG(Zu) + jB(20)]/G(w) 18 expected to vary between unity at low
frequencies where G(w) 18 constant and B(w) 1s small, and two at
frequencies well above this region, The higher valuc 1s a good approx: -
mation for this factor for many diodes the 10-100 Mcps trequency range,

Using these approximations,

3 2
(2 SRAC V21

v
2 ‘ o 4 J /
"V‘ TR ¢ A p V/o large (
i
1 hgh frequency }

This result shows that the flatteming of the detedtor input wave-
form varies 1nversely with the detestor anput resistance R, and the
admattane ¢ of the capacitance CA i the taned circwrt Beoause of the

approximd'ions made in the derivstion  the resuliing exprossion does
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not give an accurate evaluation of the actual ratio of second harmonic
voltage to fundamental voltage when the second harmonic is appreciabie.
However, the expression is useful in estimating th. amount of flattening
of the detector input voltage waveform, and is used in calculatirg the
performance of detectors driven from low-Q circuits as discussed below.
The detector voltage efficiency ., and input resistance Ria
are defined only for sinusoidal detector input voltages and therefore
cannot be used when the input voltage waveform is flattened, The

detector current efficiency e, is therefore defined without reference

i
to the voltage waveform and describes the overall performance:of the

detector and its driving circuit:

1 1
[+] [+]
e, B L] )
R T AR A

where I') 18 the resistive component of the AC detector input current
ll , and { A is the fundamental -frequency component of the current
through the driving-circuit resistance RA » When the detector 1nput

voltage is sinusoidal, the current components are

1 = VL

o l';

A A

A R, &R,

poe v N
! R_; ‘v“m



and the current efficiency is

e R. R
“ B R -
i ‘L in A

When the detector input voltage waveform is flattened, due to
detector -circuit loading, the values of XA and I'l that vesult in &
given value of lo are changed, The fundamental-frequency component
of current IA through the source resistance RA 18 increared, since
an input voltage waveform having a larger fundamental-frequency com-
ponent is required to produce a given diode DC current !o when the
waveform is flattened than when the input voltage is sinusoidal!, The
value of 1

A
factor 1/a , where 1/a Z 1 1s a function of the input voltage wave-

for a given value of lo (and hence VL\ increases by a

form approaching unity for a sinusoad, The value of IA 18 given by

However, the flattening of the voltage waveform results 1n a flat*rred
diode-current pulse. The flattened current pulse has a smaller com-
ponent of AC current I') for a given value of DC current I, Thus
the flattening of the current pulse tends to decreasc the value of l'l by
a factor 1/ab , where :ls = 1 18 a tunchon of the input voltage wave-
form approaching unity for sinusoidal input voltages. The value of l‘l

18 given by

L

l.l - ;'B(*VR

n

(19



The current efficiency is then given by

ae bR R
e = v . in A ,
i K BR ¥R,

where e and Rin are the parameters calculated for a detector driven
by a sinusoidal voltage having the same output voltage VL as the
detector for which the current efficiency is being calculated. The para-
meters & and b are functions of the flattening of the detector input
voltage ai.d hence of the quantity |V z/ V| that was previously calculated.

Values of these parameters, obtained from measurements of detector

performance, are presented in Section IV-5,

6. Effects of Moderate Temperature Variations

Variations of detector performance with temperature may be
calculated using diode parameters mcasured at var:ous temperatures,
However, when the range of temperature variation is not geeat, (v.y.,
normal room temperature variation, ) the changes in detector performance
can be estimated without the necessity for repeated calculations.

Schaffner and She.nJl have shown that at low signal levels where

the diode static characteristic 1s given by

v @/ kT
1ol (e D -y,

the only significant change 1n this static characteriatic with temperature

18 the variation of the saturation current lg . (Since T an the exponential

represents absolute temperature, changes due to moderate variations of
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temperature around room temperature are small and can be neglected.)

The variation of ls is given by

Ig=1l'g 28T (1)

where AT is the increase in temperature, l‘s 18 the saturation cur-
rent at the original temperature, and a is a temperature coefficient
equal to approximately 0.08 (degrees C)'l for both silicon and gcrmanium.
At higher signal levels, where the low-level diode characteristic is

not valid, the diode voltage YD required to produce a given diode cur-
rent i is reduced by an amount proportional to the temperature

31
incirease:

‘p* V'p - Q{ﬂ '
where v'D is the diode voltage at the original tamperature,
If the assumed diode characteristic at the original temperature
is

e Iy [ev.D/L . 1] ,

then for an increase in temperaturc of Q1 the characteristic becomes

v

D + aldTkT
1= 1Y e © cq -0

R

When the low-level diode characteristic 1s not valid. the sccond term
in the bracke:s can be neglected and the characteristic can be approx:-

mated by

14



a AT kT 7
——— v /c
i = PR e 4 c D

vt/c > 1,

where

a AT kT

p=tge ™

When the assumed diode characteristic is chosen for use at low signal

levels,

!'R" l's ,

(low-level approximations) ,
kT

CN - .
q

and reference to Equation 11 shows that the equation for 1 applies

R
to the Jow-level approximate characteristic as well as the high-level

approximations. Thus the principal effect of temperature variations on
the diode characteristic 1s a change 1n the assumed reverse-saturation

current The change in IR for small temperature changes 13 given by

the derivative of lR with respectto T

a AT kT

q
o S T S L S
dT Ry R «¢q

AT -+ 0

The effect of small changes ot lR wn the uperation of the
detector aaircumt as found by calcuiating the derivatives of the detector-

circult parameters with respedt to lR + These calculations are shown
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in Appendix B, The normalised derivative of the voltage efficiency e, is

de
1 v C
— L] - 'y
ey axl-l. IR! L te L ;!
where the reverse resistance RR is included in the detector load re-
sistance RL . The normalised derivative of e with respect to
temperature is then
de de

-—l-o V.l—I v-dia
e, AT e u; vy

a kT
q(VL tc+ ELIR)

For many pulse detectors, VL > c ¢ RLIR » and the above expression

becomes

<
R
x
-

(VL >» c ¢ RLIR) .

!
3
o

For a value of a of 0.08 (degrees C)'l and for kT/q = 0.025 volt
the fractional increase in the voltage efficiency e, per degree C of
temperature rise is 0.0()1/\(L .

The detector input resistance Rm may be considered as a
para'lel combination of a resistance RD resulting from the diffusion
current, and the reverse resistance RR .
smatl changes of IR 1» shown 1n Appendix B to be

The variation of RD with

dR « + R 1

1 D . . L'R
R, RV, AR T
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The normalized derivative of Rin with respect to T is then

2
1 ®in  Rr*Rp Rg Rp 1 WRp Uy
R, T ®¥p ®y+r ¢ Fn Ty T

o Ry | akT(c+ R L) .
R ¥ K, cqVy YT R T

For the case when ¢ >> RLIR and RR >> RD , the input resistance
is reduced by the same factor as the voltage efficiency is increased.
When these conditions are not met, the change of input resistance may
be greater or less than this value,

The derivative of the diffusion capacitance CD with respect to

T is found in a way mumilar to that used for ain:

cp c+R Lo

|
Tp My LRIV FTFR T

dCD akT(c ¢ RLIR)

|
C; a1 qiv, ¥ cﬂLIa')

When ¢ >> RLIR , the diffusion capacitante increases by the same
factor as the voltage efficiency,

When the deteltor input resistance Rm is much smaller than
the driving circut resistance RA » the current efficiency is approx:-

n..tely given by

v oan
“ R (RA >> Rm)
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The normalised derivative of the current efficiency with respect to

temperature is then

l“i‘__l__“in*_l_“v R. >R
A TR, I e oArc By Ry

When the diffusion resistance RD is much less than the diode reverse

resistance "R '

1 :ia:; .. a kT RL‘R RA >> Rm
e cq C » L]
i ( L L ;’ RR >> RD

At high signal levels the variation of current efficiency with temperature

is amall,

7. The Effects of Output Circuit Loading on Detector Performance

The circuit to which the detector output is connected may affect
the detector performance. The output of a high-impedance detector
is normally connected directly to a high-resistance DC indicating device,
Since the input resistance of the device 18 1n parallel wath the detector
luad resistor, the value of the parallcl combination may be used as RL
in calculating the detector performance, The output of a pulse detector
18 normally connected to a video circuit, either directly or through a
coupling capacitor. The effects of these vutput connections on detector
performance are discussed below,

Figure lba shows a detector circuit capacitively coupled to load

represented by a resistance Ro . It1s assumed that the coupling

capacator C 18 large enough so that nuv v.deo signal 1s developed across

72



" e Ap e apnsiAEs o an s

R e

JERIERON!
e <
Onsnal L
¢ !
ly 'L C" :vL ..
Om
=
i
.. . l‘
Ouasemliioe -
) , ]
v LA v LN
-
-

Fig. 16. Equivalent circuits for two detector output
connectiom: a) AC coupling. b) Direct coupling
to the base of o tramistor.



S e -

it, and that any capacitance associated with the loading circuit 1s in-
cluded in the detector load capacitance CL . The coupling capacitor

Co charges up tc a DC voltage cqual to the average vaive of the de-
tector output voltage vLo + When the detectcr input voltage V is not
modulated, ti.ere is nc change in the detector output voltage and no
current flows in C and R, When the modulation ~hanges V from
its average value, the detector output voltage 18 charged by an amount
AVL . Since the vultage across the coupling capacitor Co cannot change
with the modula ‘on, a portion of the diode current flows through (30

ond lla . The divde videu cursent lo {which vaiies with the signal

modulation) is given by

vl“o + AVL AVL
L * w
° L o

The detector voltage efficiency e, and input resistance Rm may be
calculated, using this value of lo + by the method described i1n Section
I11-2. The effect of the output luading cir~uit 18 negligible when the

second term above is much smaller than the first term, or equivalently,

R0 > L
R-L

When AV, 15 negative and approas hes VLo in magnitude, this conda-
tion 18 difficult to meet, When the two terrs are equal 1n magnitude

and AVL 18 negdtive, the DC diode current 1, 18 zero, Since only
very small negative DC diode currents - an tlow, the vaiput voltage wave-

form 1s crhipped at a value of AVL given by ¥

*This 18 equivalent to the negative peal Chipping discussed by Temmar
in Ref, 37, pp. 554 -557,
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AVL R
R i e >
Lo () L
When the detector ouput is directly coupled to the base of a
transistor the loading circuit may be represented by a current ll:
shunted by a resistance R, . as shown in Fig. {¢b. The detector load
resistance IL may be taken as the parallel combination of ll‘L and

lo . The diode DC current lo is given by

Setting this equal to the expression derived from the diode cha.acteristic,

v -V, [c
AT R

{The diode reverse resistance RR is assumed to be combined with RL J)

Calculating the derivative of VL with respect to l!: '

r -V, /e
il = |- - f.f. e YL va| av
L _
i
E 1 R I '
i—l: - —::- € jo(V/C)

For values of IE near zero, this may be written:

75



L
R A/
+
IR L

The relative change in VL for small values of IE can be calculated

from

dv c/V
.E 2 / L dl
v —c<+v— %
L L+ L
R R

For large values of VL such that VL >> ¢ and VL

nay be simplified:

13
e
M

<| ™
L2 Y
™

< <
v Vv
v Vv
w °
-]
r

The change in the detector input resistance Rm

. follows:

Pn Y
in ¢
dlE
A

>> IR RL , this

18 calculated



-

(The diode reverse resistance R, is omitted here, and can be added

R
in parallel with Ri'\ .) For large values of VL this may be approxi-

mated Ly
dRiy SIE 41 Vp 7 ¢
K, E '’ .
in L VL 2’ IR RL

At very low input voltages, a positive value of bias current IE

develops a voltage approximately equal to IE RL across the load

resistance and back biases the diode. The voltage efficiency approaches

infinity as the detector input voltage approaches zcro. The detector
input resistance is equal to the incremental resistance of the diode

with a bark bias of IERL volts. At very low input voltages and nega-
tive values of bias current IE y the bias current divides between the
detector load resistance and the diode itself. The detector output voltage
VL and the voltage cfficiency are zero for a vaiue of detector input
voltage approximately cqual tu -IERL . The detector input resistance

equals the incremental resistance of the diode with a forward bias re-

sultirg from the portion of lE that flows in the diode,

8. The Responsc Time of Pulse Detectors

The speed of response of a pulse detector is given by its rise-
time v and fall-time AP The rise-time T.1s defined as the time
the detector output takes to change from 10 to 90 percent of the voltage
hc-lw«n;n its initial and final levels when an abrupt tm:rmn-r of input sig-
nal level otcurs, Fall-time s sinularly defined for a decrease in input

nignal level, Since the detector response time dependa on the driving
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circuit as well as the detector itaelf, the two circuits are designed
together and the rise-time and fall-tinies considered are those of the
cembined circuit,

Callandaru has analyzed a detector driven by a single-tuned
circuit as shown in Fig. 1.* In order to obtain simple results the
following assumptions are madec:

1. The detector output volwayge VL follows
the cnvelope of the voltage V. across the
tuned circuit,
2. The quantaity h = RL/ZRin 18 constant,
3. The input signal frequency is at the
resonant frequency of the tuned csrcut,
Under these assumptions, the overall rise- and (all-times for the eir-

1

cuit are equal, and given by
2
R\n RA

= 2.2 K.+ R, (Cyt hCp ).

-+
I
-
-
'

(12)

R, R
~ z.z L A

Ry
It Ra

(Cp* CA/h) .

This time 18 the same as the video rise-ime of an R-C dirvut with

R = szRA/(R” + RA) ,and C . C, + hC, . When R 13 .lqrg\j

A L A

_and the circwt loading 18 due largely to the detector,

1

/. (R R )

T - T - d.&R‘((., 1 A m

r f 1 ] ('/\

s e s e - ——————n ¥ E———

*Detectors driven by more complex ciromts are dincusaed i Ref, 33
34, and 3h,
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The validity of the first assumption is assared if

2.2 aLcL ST (13)

or equivalently,

RLCL = l(:ARA '

or,
hR, CL = CARA .

If thas condition is not met, the fill-time is limited by the respunse

time of the detector load circuit:

= 2.2R, C (14)

T‘ L

In other words, the detector rise-time T, 18 given by Equation 12
whether the condition giver 1n Equation 13 13 satisfied or aot. The fall-
time To 18 given by Equation 12 or 14, whichever 13 the laryger,

The second assumption 18 not entirely justified since Rm does
vary with signal level for a conatant RL . However, h may be (on-
sidered constant fur small-changea of signal level, and the result is a
reasonable approximation for larger changes 1t a suitable value of h
18 chosen, The third assumption 1s valid 1n many practical cases, It
does not appear that the results are atiected appreciably when the sig-
nal frequency 1s within the 2db bandwidth of the tuned circut, *

Callandar gives expernnental verification of these results for

vacuumn~diode getectors,

*The effecis of detedtor driving e alts not tuned to the signal freqeency
are discussed in Ref. 35,



1V. Measusements and Comparison with Theory

———

1. Procedures and Mcasuring Techniques

3

Measurements have been made to establish the range of validity
of the detector -design theory presented in Section 11, The diode types .
used for the detector measurements are the $570G gold bonded ger-
manium diode, manufactured by Transitron Electronic Corporation,
and ghe‘F;l)lQO diffused silicon planar diode. manufactured by Fajrchild
Semiconductor Corporation. They were selected as representative
high-performance, commercially-available, germanium and silicon
divdes for detector circuits in the 10-100 Mcps frequency range.,

The divde paramcters that are used i1n the design theory were
measured for the two diode types. Using these measured values, the
theoretical performance of both high-impedance and pulse detectors
was calenlated for a variety of aircuit parameters and operating condi-
tions. Corresponding detector circuits were built and thewr perfor-
mance measured. The results of the measurements are compired
with the calculated performance later in this section, Measurements
of pulse response are reported and discusscd separately in Section V-3,

Since detector-circuit voltage efficieney e+ Inpu’ resistance
R. . and input capacitan: ¢ Cm depend on the input voltage V, (and

n

also on the waveform of the mput voltage), 1t 13 necessary to measure
the detector pertormance with the desired input voltage applied to th:'
detector anput,  Three techniques were used 1in measuring detector-
vircuit performance:

1. Q Meter, Measurements were made ot mignal frequencies

from 20 .9 10C Mcps with a Boonton Model 190-A Q Meter, and at fre-

8O



quencies below 20 Mcps with @ Boonton Model 160-A G Meter, The
measuring procedurce in as follows: The Q Meter oscillator is set
to\thc devired frequency, A coll is cunnected to the L' terminals

and is resonated by adjusting the internal capacitor, The Q Meter .
capacitor reading and measured Q are recorded as (2l and Q, . The
detector circuit shown in Fig., 17a 18 then connected to the "C'' terminals
of the Q Meter and the internal capacitance is again adjusted for
resonance, AThe desired input voltage V is obtained by adjusting the

Q Multiplicr control on the Q Meter, The input voltage V is micasured
using ¢ither a Hewlctt-Packard 410B VTVM or a previously calibrated
high-impedance detector, Since a change 1in V. may affect the dee
tector input capacitance Cin » the Q Meter internal capacitor and the
d'Multiplier arce readjusted unti] the desired input voltage 1s obtained
at resonance. The Q Meter capacitor reading and the measured Q are
recorded as C, and Q, . The DC detector output voltage vV is
rvad using a high impedance DC voltmeter. The R-C filter following
the detector removes any AC signals trom the detector output. The

detector 'volldgc- efficiency is;

The cquuivaicat paiallel resistance Rp Aand capac.tance Cp of the care.

et are given by

il
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The loading duc to the input voltage measuring instrument and stray
capacitance are measured on the Q Meter with the detector diode dis-
c‘onnlcc.ted(. The input resistance R;:. and input capacitance Cin of
the detector are then calculated.

The range of input voltages over which the performance of
a detector may be measured on either of the Q Meters is limited, and
varies with the detector input resistance and the signal frequency.
However, Q Meter measurements are often convenient for comparing
similar circuits, or for evaluating small changes in circuit perfor-
mance, e.g., with changing temperature. Since the detector i3
driven from a tuned circuit, the analysis in Section 111-5 may be used
to determine if the input voltage waveform is flattened. ln most cases
the waveforn: is nearly sinusoidal. This may be verified when a high-
impedance detector is used to measure the detector input voltage by
reversing the diode and noting if the indicated voltage changes.

g It is estimated that the values of Rin obtained from the Q-
Meter measurements are accurate to better than 2 10 percent, the
valuces of Cin are accurate to £0.2 uuf, and the values of e, are
accurate to £5 percent,

2. Admittance Bridge. Measurements were made at signal
frequencies from 1 to 100 Mcps witi\ a Wayne-Kerr B801 Admittance
B'rid'gc.. The mcésuring procedure 16 as follows: The oscillator cirwmg
the bridge is set to the desired signal frequency and the bridge is

balanced. The detector circuit shown in Fig, 17a is connected to the
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“unknown' terrainals of the bridge. The osciliator output level is
adjusted to produce the desired detector input vnltaéc V , and the
.bridge‘ 18 again balanced. The detector output voltage VL 15 mea-
sured, and the circuit conductance Gp and capacitance Cp are read
from the bridge. The detector input resistance Rin and inpu! capaci-
tance Cm are obtained by calculations after measuring the loading
of the 1nput voltage measuring instrument and stray capacitance. The
detector voltage efficiency e, 18 calculated as above

Since the source impedance of the admittance bridge i3 not a
tuned circwt, the bridge impedance at the second-harmonic frequency
»3 appreciabie compared with the input resistande of most pulse de-

tectors. Following the discussion of Section I11-5, the admattance

bridge can not thercfore by used 1o measure these pulse detectors
without flattening of the detedtor input voltage wavefurm., The ad
mitance bridge is nseful for measuring high-ympedance detector
prrformance, and in making small-signal measurements of diode
admittance. The accuracy of values of Rm and Cin ob'ained from
these measureraents 158 usually himited by the disorimination of the
admittance bridge. At frequencies bejow 50 Mops the discriminathion
15 0.02 m mbo, above 50 Mcps the discrinunation falls 10 0.1 m mho.
Thus the accuracy obtained decreases s the value of Rn\ Increases.,
The accura v‘nf valu--.s of CIn 1s estimated to be £0 2 puf.

3. Transistor Circuit Measurements were made at signal

-

frequencies from | ro 100 Mops using the aircat shownaau Fig. 1 7b,
The detector is driven by o grounded base transistor amphficr with
4 single tuned collector aircut Measurements shawed the transistor

current gatn to be verv aolose to unmity over the trequency range ol
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interest, Therefore, the input current to the tuned circuit and detector
is approximatcly equal to the transistor emitter current. The input

currenc lin is calculated from a measurement of tne input voltaye

V. to the transistor circuit. A resistor approximately ten times

mn

the transistor emitter resistance is connected 1n series with the
emitter to prevent the uncertainty in the value of emitter resistance
from affecting the accuracy of calculated values of li“ . A shunt
resistor at the input of the circuit provides proper termination for a
91 ohm/coaxial cable from the signal generator. The transistor 1s
biased with 2 m; DC to pcrmit measurements with peak input cur-
rent lin as large as 1 ma without risk of non-linearity in the transis -
tor. The collector voltage is supplied through a choke having a high
impedance at the measurement frequency. The value of the tuned-
circuit Capatitance CA is chosen to give the desired detector input
voltage waveform. A large value ot CA 18 \ISl'('i when a smusuida{
detector input voltage is desired, and a smaller value 1s used when a
flattened waveform 18 desired. The tuned-circuit inductance LA is
adjusted for resonance at the desared signal frequency. The effective
_rc?is'tfanf\'“ ‘RA .shunling the tuned Gircut (not including the Joading
duce to the detector) is the actual resistance R'A added to the cﬁ-c uit

in parallel with the loading due to the choke and coil losses and the

transistor collector resistance.  The value of R \ is obtained by
&

_substituting a resistor of known value for the detector circat, and

measuring the voltage V developed across the parallel combination

of the known registance and RA for ¢ known anpat current lin .

&5



The detector voltage efficiency . input resistance R
and input capacitance Cm are measured using no added shunt res:s

tance and a value of C, large enough to ensure a sinusoidal detector

A
input voitage. (This can be verified in the same way as for the Q
Meter measurements,) The detector input voltage V 18 measured
with a calibrated high-impedance detectorr  Tne high-impedance
detector is used 1n obtaining the value of RA , 80 no additional ror-

recion 15 marde for 1ts input resistance  The detector voltage

etficiency an

and the input resistance 1% found trom the expression

R, R

v . ATin
rx—r-\ lrA n

The approximate detector input capa: itance Cm 1» obtained by noting
*he change Af .o the resonant fregquency 1 of the tuned iecut when
a resiator having a known shunt apacitance ('" 1. aubatiruted for

the detector cirat,

LY GAY]
C = (4 A

mn [ o r_"

Current efficiency is measured tor any desired values of R and C, -

A A

Hb



Accurate values of detector input resistance Rin can be obtained
only when the shunt circuit resistance RA 18 of the same order of .
magnitude or larger. Since maximum attainable vaiues of RA are of
the order 10 K ohms, high-impedance detectors are not measured using
the transistor circuit. The accuracy of values of R, obtained for
pulse detectors is estimated to be 2 10 percent, Because of the large
value of tuned-circuit capacitance CA required to produce a sinusoidal
detector input voltage at low frequency, the detector input capacitance
C,, can be measured only at frequencies above 30 Mcps. The accuracy
of these values of C, ~is estimated to be +0.2 ppf. Mecasured values
of voltage efficiency e, and current efficiency e, are accurate to

about +5 percent.

2. Mcasurement of Diode Paramelers

Measurements were made of the static characteristics, charge-
storage cffects, and barricr capacitance of an S570G germanium diode
and an FDI100 silicon diode. The paramecters used for calculating |
detector -circuit pertormance on the basis of the detector -design theory
presented in Section 11l are obtained from these measurements in
Sections 1V-3 ana 1V-4,

The static characteristics ot the diodes were measured with
DC instruments. The forward characteristics are shown in Fig. 18
The use of a logarithmic scale for current makes possible the detailed
display of the high- and low-current portions of the characteristics on
a single graph,  The approach of the curves to straight Lines at low
currents indicates that the static characteristice are approximately
exponential in this region, The reverse diode characteristics are
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plotted in Fig. 19. (Note that differcnt current scales are used for the
germanium and the sil.con diodes. )

The real part of the frequency dependent charge-storage factor
G(w) defined in Section I11-3 is obtained from measurements of detector
input resistance as a function of signal frequency. The detector input
voltage ia held constant, resulting in a constant detector output voltage
when the approximation of Equation 9 in Section III-3 is valid, The
validity of this assumption is verified by measuring the detector voltage
efficiency as a function of frequency. The value of G(w) is then the
ratio of the low frequency input resistance to the input resistance at

the desired frequency:

Rin {1ow frequency)

Ii n(l»f

Glw) =

The detector voltage efficiency was measured as a function of
frequency for all load resistances and input voltages for which th=
detector input resistance was measured. The mcasured voltage et
ficiency of the pulse-detector circuits 18 ploited as a func ion of ive-
quency in Fig. 20, The voltage efficiency decreases less than 5 percent
with increasing frequency from 1 to 100 Mcps, excey! at low input
voltage where the decrease 15 as lasge as 12 percent for the FDI00
diode. The measured voltage efficiency of the high-impedance de-
tectors. (not shown), was constant with frequency to within the mea-
surement accuracy,

It 18 convenient to assume that G(w) 18 independent of signal
level an’ etector load resistance, 4o order to determine the range
of vahidity of this assumption, measurements were made on bo'h
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high-irapedance and pulse detectors. Measurements of the input re-
sistance of several S570G germanium diode detectors were made at
frequencies from 0.5 to 100 Mcps. A pulse detector with a load re-
sistance of 2 K ohms and a large load capacitance (0.001 pf) was
measured with input voltages of 0.15, 0.4, and 1,0 volts peak, using
the transistor circuit described in Section IV-1. A high-impedance
detector with an infinite load resistance and a 0.001 uf load capacitance
was measured with an input voltage of 3.5 volts peak, using the Q
Meters. Au very low input voltages, the detector voltage efficiency
approaches zero, and the input resistance approaches the small-
signal resistance of the diode (with no bias)., This small-signal diode
resistance was measurcd using the admittance bridge.

The 1nput resistance values obtained from the 8570G diode
mecasurements are plotted as functions of frequency in Fag. 21, A
lugarithimc scale of input resistance allows visual comparison of the
values of G(w) that can be obtained from each curve, Curves separated
by a constant vertical distance yicld identical values of G(w) . Each
curve reaches its low-frequency value (G(w) - 1) at a frequency hagher
than 0.5 Mcps ,

The curves of input resistance for the pulse detectors are nearly
paralle]l, indicating that a single G(w) tunction can be used for pulse-
detector performance calculations over 4 substantial range of signal
levels. The input resistance ot the lugh impedance detector decreases
more rapidly with frequency . and larger values of G(w) are therefore
used for high-impedanc e detedtor calvulations than for pulse -detector

valoelations,

(.l



The input-resistance mcasurements made using the FD100 diode
are shown in Fig. 42. The pulse-detector measurements were made
with input voltages of 0.6, 1.0, and 1.5 volts. The cusves are nearly
parallel fcr this diode 2iso  The amall-.signal resistance. mcasured
using the admittance bridge, 18 shown by a broken line. The measure-
ment error of the admiltance bridge for the high resistances presented
by this diode may be considerable, and the curve 1s presented only to
indicate 1ts approximate position. The high-impedance detetor was
measured with an input voltage of 3,5 vo'ts, using the Q Meters, The
decrease of 1nput resistance with freque.cy for this detector 1s very
pronovunced. The low-frequency value of the input resistance 18 beyond
the range of the Q Meter measu: ements

The diode barrier capacitance (IB 18 obtained from measure -
ments of the diode capacitance with reverse bias. Since the ditfusion
capacitance and bulk inductive effect are negligibie with reverse bias
the measured capacitance 13 equal to the barrier capaitance  The
barrier capacitances of the $570G and FD100 were measured with the
admittance bridge at 30 Mcps with back biases varying from 0.1 to 3.0
volts  Values of barrier capacitane ¢ of approximately 0 6 put tor the
$570G diode and 0.8 ppf for the FDI00O were obtained in this voltage
rai . The variation of the barrier capacitance with reverse voltage
In this range 15 t0o small to be determined with any a<curacy,

The imaginary part of the charge storage factor Bio) defined
1 Section [11-3 could not be obtained from the measurements  For
the reasons discussed in Section 1V 1 the input capacitand e of the

pdae detectors was measurod usang the transistor carcwt only at fre
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quencies of 30 Mcps and higher. Thesc measurements are presented
in Section IV-4. Due to the inductive effect of the diode bulk impedance
discussed in Section 1I'-3 the capacitance of the diode junction C 7
and therefore the capacitance resulting from the diffusion current, cau
not be determincd from these measurements,

The input capacitances of the high-impedanc.e detectors were
measured using the O Meters, and are piotted .n Figs. 23 and 24 as
fundtions of frequency for the S570G and FD100 diodes respectively,
The input capaciiance of cach detector 18 a fuw lceaths of a micro-
microfarad larger than the meusured diode barrier capacitance, This
increase of the input capacitan.2 over he barrier capacitante is at-
vributed to the capicitive component of the diffusion current croasing
the junction. This capaci‘ance decreanes with increasing frequency,
in agreement with the theorv of £ rtron 1I1-3. The effect of the diode
bulk impedance is not significant 1n high impedance detectors  Since
the changes ul capatiance ars of the same magnitude as the accuracy
of the capacitance measurements, no a‘tempt was made to evaluate
B(w) for the high-impedance dstectors. The small -a1gnal dicde
capacitances, measured with the somittan « bridge, ar~ aiso plotted
in Figs. 23 and 24, Comparison of the smali - gnal dicds « apacitance
with the high-impedance deted tor input cape 1tance measured with an
input voltage of 2,5 vo,*s gives good agre-m-n', This indicates that
tke change of the 1nput capacitance of the high impedan ¢ devectors

with signal levei 18 smail {See Sectien 1V 2 )
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3. High-Impedaace Detectors

Calculations have been made of the perfnrmance of high-
impedance detector circuits using the S570G and FD100 diodes and

having input voltages of the order of | volt peak, The values of the

~diode parameters used for the calculations are obtained from the

measurements reported in the preceding section as follows: The
values of diode reverse-saturation current IR and reverse resistance

R,, are obtained from the plots of the measured diode revers~ charac-

R
teristics in Fig. 19. The diode reversce resistance 19 the slope ot &
straight line that approximates the diode reverse characteriastic for
rcvergc voltagcs larger than approximately | volt. I'he reverse
saturation current is the intercept on the current axis of this sinear
approximation, The exponential constants ¢ are choscn so that the
arsumed diode characterinstics, having the form given in Section 13-2,

| P | VD/A VD
i

) 8 Iu(« 1y ¢ .

1

are good approximations to the measured forward «haracteriastyon
plott«ﬁd' in Fig. 18, 'n the Jow-currem, range  Values of « were cal.
culated that allow the agsumed and meanurcd charasterintyo s 10 cun-
cide for values of forward current of 5 yamp, The ansumed s1aty.
characterintion are plotted as dashed lines in Figa, 18 and 19, The

valucs of the corresponding static parameters are given in Table 1,

The real jmrt of the charge -wtorage factor G(w) for the 8570G

diode is obtained from the snput resistanc e of the lugh impedance de.

tector, meamiured with an mput voltuge of 3 8 volts prak. plotted an

9%




Fig. 21. Since the low-frequency value of input resistance of the

FL 100 diode could not be measured, the 30 Mcps value of G(w) 18
chosen tv give agreement betweern the measured and calculated input
resistance at 1.1 volts. The 100 Mcps value of G(w) is obtained by
multiplying the 30 Mcps value by the ratio of the measured input re-
sistances at 30 and LU Mcps, (See Fig. 22.) The values used in the

calculations at 30 and 100 Mcps are given in Table 1,

Table |

Diode Parameters for High-lmgedancc Detector Calculations

'

l Diocde Ry Ia N Glw)

S

‘ (in meg ohms) (an yamp) | (1n volts) | 30 Mcps 100 Mcps |

0.9 0.0478 4.406 1.7 |

(&4

| §570G

; FD100 1250 0.004 0.0477 | 1330 1480

—— [N SRR ST

Usiny the mcthod deacribed 1n Sections 111-2 and 111-3, and the
diode paramcters miven i Table 1, the voltage efficiency and 1aput
resistance were calculated as functions of input voltage trom 0 1 to
5.0 volts peak for high-impedance detectors with $570G and FDIOO
diodes, infinite load remistanc e and large luad capacitance (0,001 ut)
at freguencies of 30 Mceps and 100 Mcps. The results of the calculations
are shown ag broken hines in Figs . 2% through 28, The voltege efficiency,
mput resistance  and input capacitance of detector circuts having the
parameters used in the calculations were measured and the results

are plotted 1n Figs, 25 through 30, Fhe Q Meter was used tor meascre.
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ments at input voltages from 0. 75 to 5 voits, The admittance bridge
was us- - Or measurements at input voltages below this range.

The measured and calculated values of voltage efficiency agree
to within 10 percent for input voltages from 0.2 to 4.0 volts for the
8570G diode and from 0.7 to 4.0 volts for the FDI00 diode. The dis-
agreement between the measured and calculated values at lower signal
levels is attributed to experimental orror and to the failure of the
assumed diode static characteristica to closely approximate the actual
characteristics over a wide range of signal levels., Note that the
voltage efficiency points measured at both 30 Mcps and 100 Mcps fall
along a single curve for sach diode,

The variation with input voltage of the measured input resistance
is considerably less than the calculated variation, This 1s attributable
at least in part to the variation of the real part of the charge -storage
factor G(w) with signal level in high-impedance detectors. Pig. 21
shows that the values of G(w) for the 8570G diode at 3.5 volts are
approximately twice the values of G(w) for small signels. The approw-
mate curves in Fig. 42 indicate a larger variation for the FD100 diode.
The discrepancy between the measured and colculated values of input
resistance at 30 and 100 Mcps .s less than +50 percent for input voltage
from 0.4 to 2.5 for the 8570G diode and from 1,0 to 4.0 for the FDI00
diode. larger discrepancies o« cur vutiide these voltage ranges.

The variation of input capacitance with input voltage 18 shown in
Figs. 29 and 30 for the high-impedance detectors using the 85760 and
FDI100 diodes respectively  For each detedtor the input capacitance is

nearly the same at 30 and 100 M. ps  The inpu* capacitance of the de-
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tectors increases slightly with a change of input voltage from 0.1 to §
volts peak. The major portion of the input capacitance is dur to the
diode barrier capacitance which remains nearly constant with frequency
and input voltage in the range of these measurements. The slight
increase of the input capacitance at high input voltage is attributed to
the diode diffusion capacitance which increases at higher input signal

levels as discussed in Scction I11-3,

4. Pulse gotectou

Calculations have been made of the performance of pulse-detector
crrcuits ueing the 83570G and FD100 diodes with peak input currents of
the order of i ma peak. The resulting diude current pulaes have an
average velue 'o of the order of 0.5 ma and peak values perhaps ten
times the average value, The assumed s*atic characteristics used for
the calculations of pu se detector performance are chosen tc approxi-
mate the measured characteristics over the range of diode forward
currents from 0.1 to 10 ma. It 1s assumed that this current range
includes the portion of the static characteristic where most of the
diode current flow takes place. Since the . cverse diode current 1s
small compared with the average diode current, the assumed reverse
characteriatic need net closely approximate the measured characteristac,
providing the assumud reverse cuirent 1 alsv sniall compared with
the average diode current. Ananfinate value of diode reverse resistance

R,. s assumed, and the diode.characteristic 1s of the form

R

vd«

- la(o - 1)
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For values of vJ ¢ much larger than unity, the second term in the
brackets may be neglected. Taking the logarithm of each side of the

expression then yiclds

log, i = (log Ip)+ vD/c .
logygi = (log;g 0t vdZ.Bc .

The assumeda characteristic is determined by drawing a straight line

on a semi-logarithmic plot that approximates the measured characteris -
tic over the desired range. The intercept of this line on the current

axis gives the value of I, . and the slope of the line equals 1/2.3¢ .
{The slopc is the change in current in decades divided by the correspond -
ing change in voltage.) The exact value of current given by the assumed
characteristic differs from that given by the linear plot only at small
values of voltage.

The assumed static characteristica for the $570G and FD100
dicdes used i the pulse detector calculations are shown as broken
lines in Fig. 18, i'or the 8570G diode both the linea: approximation
and the exact plot are shown. The resulting values for the diode stataic
parameters are given in Table 2.

The assumed values for the real part of the charge-storage
factor G(w) are obtained from the measurcients of pulse-detector
input  resistance as a function of frequency that are shown an Figs, 21
and 22 The curve for a detector input voltage of 1.0 volt was used tor

the §570G diode, and the curve for an input voltage of 1.5 volts was
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used for the FD.i00. The values of G(w) usad in the calculations at

30 Mcps and 100 Mcps are shown in Table 2,

Table ¢

Diode Parameters for Pulse-Detector Calculations
b - ]

Diode 1 c G(w)

R

(in ma) | (in voits) | 30 Mcps 100 Mcps

§$570G | 0 015 0 080% 110 1.55

FD'00| 0.00007 | 0.0652 1.45 2.60
e

Using the method described in Sections [1]1-2 and 111-3 and the
parameters given in Table 2, the voltage cfficiency and input resistance
were calculated as functions of input voltage for detectors with 8370G
and FDI100 diodes, 2 K ohms load resistance and a large (0 001 ut)
load capacitance at (requencies of 30 Mcps and 100 Mcps  The results
of these calculations are shown as broken Lines 1n Fags. 3!, 32, 34,
35,37, V8. 40 and 41, The voltage efficiency, input resistance and
input capacitance of detectors with the same circuit parameters were
measured using the transistor aircuit methaud described in Section !V}
The results are plotted 1in Figs. 31 through 42.

Comparison of the calculated and measured values of voltage
efficiency shuows that the agreement 1s better than £ !0 porcent over
an uput voltage sangr from 0 25 to i 8 volta tor the 870G germamium
diode and uver an input voltage range trom 0.65 1o 1.5 for the FDI0OC

silicon diode The caloulated voltage ofticiency at both 30 and 100 Mcps
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is 50 percent higher than the measured value at an input voltage of 0,15
volt for the S570G and 0.5 volt for the FD100. For both diodes, the
calculated voltage efficiency is higher than the measured value at high
and low input voltages, and lower than the measured value at inter-
mediate values of input voltage, This is attributed to the fact that the
assumed static characteristic indicates a forward current larger than
the measused forward current at high and low current levels and
smaller than the measured forward current at intermedinte current
isvels,

The calculated and measured values of detector inpu® resistance
r.gree to within £ 15 percent over a range of 1nput voltages from 0.3 to
1.5 volts for the $570G diode, and a range of input voltages from V.8 to
1.2 volts for the FD100 diode. At lower input voltages the calculated
input resistance is substantially 'owe«r than the measured value for the
3570G diode, and higher for the FD100 diode The discrepancy 1s 50
percent at 0.15 voit for the 8570G diode at 30 Mcps . and 90 percent at
0.5 volt for the FDI00 diode at 100 Mcps. The differences between
the measured and calculated values of 1nput resistancs are attributed
largely to the approximations made 1n the assumed statc characteristics,
although an increase in the charge-starage tactor at low signal levels
may be partially responsible for the large dis. repancies a4 low input
voltages

the detector theary of Scction 111 3 slows tha* the apacitance
of the diode junction increases with signal level However, at hagh
current tevels such as are tound an pulse detectors the indu fSve come

ponent of the bulk impedance resul's in cdetecror input capa.atance
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smaller than the diode junclion capacitance, The input capacitance of

the {(well-bypassed) detector with an $570G diode decreases somewhat
with increasing level, This may be attributed to the effect of the in-
ductive component of the bulk impedance being sufficiently pronounced

at high levels to counteract the increase of the diode junction capacitance.
The input capacitance of the detector with an FD100 diode shows a
moderate increass with increasing input voltage, indicating that the
effect of the bulk inductance is less significant in the FD100 than in

the $570G.

The voltage efficiency, input resistance and input capacitance
of detectors with 8570G and FDI00 diodes, 2 K ohms load resistance
and a 33 uuf load capacitance were calculated as functions of input
voltage at 30 Mcps using the method described in Section 111-4, The
previously calculated values of voltage efficiency and input resistance
for the detectors with 0,001 uf load capacitance were used in the
calculations; however, the measured values of input capacitance for
these detectors were used since the input capacitance of these detectors
was not calculated. The results of the calculations are shown in Figs.
31, 32, 33, 37, 38and 39. The correasponding quantities were mea-
sured in the transistor circuit and are plotted on the same figures for
coOmparison.

The measured and calculated valucs of vultage efficiency and an-
put resistarce for the detectors with 33 uuf load capacitance agree to
within the same accuracy as tor the detectors with large load capacitance,
The calculated values of input capacitance are larger than those mea-

surced with large load capacitance, the ancrease being greater at higher
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signal levels. The maasured values of input capacitance also show this
increase. The measured input capacitance of the $570G diode detector
increases approximately twice as tnuch as the calculated value, the
maximum error being 0.6 pyuf. The agreement betwueea the calculated
and measured vaiues of input capacitan:e for the FD100 diode detector
is better than &4 0.3 upf

The vol:age efficiency and input resistance of an $570G diode
detector with 0.001 uf load capacitance and an input valtage of 1,0 volt
were calculated for load resistances varying from 1 to 100 K ohms
using the diode parameturs given in Table 2 at a frequency of 30 Mcps.
fne results are plotted in Figs. 43 and 44 as functions of load resis-
tance. The voltage efficiency, input resistance and 1input capacitance
of corresponding detectors were measured in the transistor circuit,
The results are plotted in Figs. 43 through 45. The calculated and
measured values of voltage efficiency agree to with:n £ 10 percent,
The calculated and measured values of input resistance agree to within
£+ 15 percent. The largest discrepancies for both voltage efficiency
and input resistance occur for the largest values of deter tor load re-
sistance, The input capacitance decreases somewhat with increasing
lnad resistance. Since less diode current flows with a larger load
resistance, the capacitance resulting froi ) the diffusion current.

(and therefore the input capecitance). 18 smaller, (Sce Section 111-3,)

5. Low-Q Drivmg Circuits

In Seciion I11-8 10 1s shown that the curremt efficiency of a

detector wath a low-Q drivany Gircuit ws given by
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ae bR, R
e = v o, in A ,
i I[L i l[in “A
where ey and lin are the voltage efficiency and input resistance of

the detector when it is driven by a sinusoidal voltage and has the same
output voltage VL . The parameters a and b are functions of the
flattening of the detector input voltage waveform. Measurements were
made to evaluate these parameters under variety of conditions as
follows:

At cach of several frequencies. signal levels and driving-circuit
capacitances C A the current efficiency e, was measured in the tran-
sistor circuit for two values of driving-circuit resistan-e RA . One
measurement was made with no shunt resistance added. giving a value
of RA of the order of 10 K ohms. The second measurement was made
with a 2 K ohm resistor added across the tuned circuit At cach fre-
quency and signal level. the values of e, and R, Wwere calcuiated
from measurements made using a {large) value of CA such that the
detector input voltage was approximately sinusoidal The two sets of
values of e and RA were substituted in the above expression and
values of e, and Rm were (ai. utated assuming values of unity for
4 and b . The resulting values of e, end Rm were used, along
with the measurements of - and RA made with smaller values of
(.2A . to calculate a and b .

The detector used for the measurements consisted of an $570G
diode. a 2 K ohm load resistor and a ¢ 0C1 i lvad capacitor. Signal
frequencies of 10, 30, and 60 M ps were used, with Lignal levels giving

detector output voltages VL 01 0. and 0.6 volts., Values of driving
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circuit capacitarnce CA ranging from the minimum obtainable value of
6 ppf to a value so large that the detector input voltage was effectively
sinusoidal were used.

In Section III-5 it is shown that, under conditions usually satisfied
in practice, the flattening of the detector input voltage waveform 1s
approximately inversely proportional to uRmC A where w 18 the
angular signal frequency. The values of the parameters a and b that
were obtained from measurements of current efficiency are plotted as
functions of wR, (:A in Figs, 46 and 47, All points fell within £ 18
percent ol the curves that are shown, Although the current efficiency
reasurements should be accurate to better than &5 percent, measure-
ment errors increase in the calculation of a and b to a point where
the accuracy of the calculated values of a and b 1s estimated ‘o be
4 15 percent.

The results of these measurements indicate that the theory for
waveform distortion given i1n Section l11-5 14 valid over the range of the
measurements. The values of a and b given an Figs. 46 and 47 may

be used for calculating detector ¢ urrent efficiency

6 Temperature Variations

Measurements were made of the voltage efficiency, input re-
si1stance, and input «apaitance of detector circwits as functions of
temperature. The temperature was varied from 10° to 50° C. a range
considerably greater than normal room-temperaturs variations High.
impedand e detectors having inhiure load resistance and large (0.001 uf)

load caparitarce and pu se detectors having 2 K ohre 'Lad resistance
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and large (0.001 pf) load capacitance were measured using $570G and
FD100 dicdes. The measurements were made at 30 Mcpas on the Q
lleter. For cach detector the input voltage was helr constant, as the
temperature was varied, at a level at which accurate Q Meter measure-
ments can be made. An input voltagc of 3.2 volts peak was used for
the high-impedance detectors. The input voltages {or the pulse detectors
were 0,35 and U, 65 volts peak for the detectors using the 8570G and
FD100 diodes respectively,

The m «sured values of voltage efficiency, 1nput resistance
and input capacitance are plotted as fun.tions of temperature 1n Figs,
48 through 51. The measurcd var.ativn of the voltage cfficiency for
the high-impedance detectors 15 less than & percent, and 1a therefore
not plotted. The curves of voltage efficiendy and input resistance
shown in Figs. 48 through 50 were calculated using the differ=ntial
expressions, derived in Section I1l-b, for variations of tamperature
around 20° C. The calculated variaon of voltage efficiency with temper -

ature 18 linecar,

dev t'vakT
dT" =~ IV, ¥ ¥R T

since e I8 propurtional to V and the expression i the parevtboses

I

15 also approximately proportional to Vv Ihe calculated anput resas

L.

tance varies exponentialiy with temperature:
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The calculated value of R, therefore plots linearally with temperature
on semi-logarithmic graph paper The assumed diode parameters
given in Tables | and 2 were used in the calculations  The value of
temperature co=fficient of 0.08 (degrees C).l suggested by Scha‘fner
and Shea“ ‘s used for both the germanium and the silicon diode

The measured and calculated values of voltage efficiency and
input resistance for thc pulse detector circuits agree to within ¢ 5 percent,
The calculated decrease of input resistance witt temperature is cen-
siderablv greater than the measured value for the high-impedance
detectors. This discrepancy 1s attributed to the fact that the input
resistance of high impedance detectors 1s dependent on the charge-
storage {aclu: which 18 not constant wath signal level. The calculated
and mcasurcd variation of the voltage efficiency of the high impedance
detectors with temperature from 10 to 50" C 1» 185 than 2 prrcent.

The input capacitanc e of the detector aircuits plotted in Fig 51
Icreases with temps cature at a rate of approximately 0. 01 yuf per
degrec C for pulse detectors, and 0,.0025 puf per degree C for the
Ligh-impedand » detectors.  The discusaion in Section [11-6 indicates
that the diode diffusion capacitancs ine - vdases with temperature. Since
the barrier capacitance and the bulk impodance also atfect the input
capacitance of the detectors  (s0 e Sectwon 11-3)  no attempt 15 made

to calculate the changes of put Capaditance waith tampd rature,
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7. Bias Currerts in Pulse-Detector Output Circuits

Measurements were madc of the detector voltage efficiency
and input resistance as functions of input voltage with a bias current

1.. flowing into the det-ctor load circuit The measurements were

E
made at a frequency of 30 Mcps, using the transistor carcuit. The
detector consisted of an 8570G diode, a 2 K ohm load resistance, and

a 0.001 pf load capacitance., Bias-currents values of plus and minus
0.05 ma were used.

The measured voltage effiaency and 1input resistance are plotted
in Figs. 52 and 53 respectively for the two bias-current values, along
with the voltage efficiency and input resistance measured with no bias
current  The values of voltage efficiency and anput resistance calculated
using the methods of Section 1II-7 are shuwn by broken lines  The
agrecement between the measured and calculated values 18 good except
at low input voltage where the bias current causes large changes an
the voltage etthiciency and input resistance and the assumptions made

in the derivation are therfore not valid,
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V. Detector-Circuit Dcu“n

I. Review

The principal factors that affect detector-circuit operation are

discussed in the preceding sections. The detector circuit is shown in
Fig. 1. Basic terms and symbols are defined in Section [-2, A survey
of the detector-circuit design literature is presented in Sections 11-1
and I1-2. A survey of semiconductor theory that is applicable to diodes
and d"iodc detectors is given in Sections 11-3, 11-4 and I1-5. Neither |
the detector-circuit design literature nor semiconductor theory yield
rcsults that are directly applicable to quantitative design of semiconductor-
cinle detectors,

A detector-design theory, based on semiconductor theory. 1s
presented in .;Sc«.uuon II. It vermits the calculation of detector-circui
-pgrformancv on the basia of measurements of the parameters of the
diode. The basic theory of Sections 111-2 and 111-3 permsts the caicu-
lation of voltage efficiency and input resistance of detectors driven by
sinu_s_p:dal voltage sources and having load time constants RLCL large
comparced with the reciprocal of the angular signal frequency 1/w. The
detector input capacitance 1 discussed, but no method 1e piven for 1ts
calculation 1in most cases of mt(-n:s!.

A wcthod is given ain Section 1l1-4 tor calculating voltage efficiency.
input resistance and input capacitance for detectors having short load
tirns constants, using the corresponding values of these quantities for
a detector with a large load crapacitor.  The distortion of the detector
input voltage waveform resulting when the detector s driven by a low-Q

turncd circuit, and the offects of this distortion on detector-circutt

operation are discussed in Section 1115 A method 18 given 1n Section 111-6
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for ca.lc’ulating the changes in detector-circuit performance resulting
from mode.ute changes in ambicnt temperature. The effects of AC and
DC output coupling on detector-circuit performance are discussed in
Scction 11I-7. A method for calculating the rise- and fall-times of
pulse detectors driven by a tuned circuit is given in Section 111-8.

-

Measurements of detector-circuit performance are presented
in Section IV. The mecasuremcnls are compared with calculated :
deicciva scircuit performance tu cstablish the range of validity of the
detector-des.gn theory. The methods used to measure diode para-
meters and .detector-circuu performauce are described in Section
1V-1. The measurements from wh:u’h the diode parameters were
ohtained ére'pres'entcd in Section IV-2. The methods used for ca{-
culating the performance of high-impcedance and pulsc detectors. on
the basis of the measured diode parameters. are described 1n Sections
IV-3 and V-4 respectively, Measurements of the performance of
p:dlse detectory driven from low-Q tuned circuits are reported m.
Section 1V-5. Curves are given that permut the performance ot such .
circuits to be estimnated.

In the following sections the application of the theory that has
been given is illustrated by the design of sample detector circuits.
The prac'!ical considcrations n the design of lugh-impedance detectors
are discussed 1n Section V-2 Mcasurements are presented on two
sample high-impedance detectors. The practical considerations 1n the
design of pulse detectors are discussed 1n Section V-3, Four sample
pulse detectors are designed, and measurements of their performance
Arll’ given, Measurements that comparee the performanee of several dinde

types in both high-impedance and pulse detector ctrcuits are presented
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in Section V-4, Thc sclection of the diode types uscd in the sample de-

tectors is discussed.

2. High-Impedance Detcctors :

High-impedance detectors are designed to have high voltage cf-
ficiency and high input resistance over a widc range of input signal
levels. In addition, it is often desirable that the input resistance eithcr
remain constant Qith varying signal level and temperature, or be large
enough to produce a negligiblc changc in loading over the anticnﬁated '
' : ranges of input voltage and temperature. A small value of input capac-
itance is often required, and the variation of input capacitance with input
voltage and temperature should be small.
| A large load capacitance CL' having a low reactance at the
signal frequency, is always used in high-impecdance detectors to maxi-
o mize the voltage efficiency for a given load resistanze and minimize the
» input capacitance. A large load resistance RL 1s normally used to
produce high voltage efficiency and input resistance The voltage ef-
ficiency and {nput resistance increasc with load resistance until the |
limiting value determined by the diode characteristics and the voltage
measuring instrument 18 reached. Maximum load resistance results in
maximum voltage officiency and input resistance for any given déode, *
input voltage and temperature. A lower load resistance may result in
lowe rvi/oltagr efficiency and in a smaller input resiatance that varics <
" lcss with input volt;g(‘. temperature, and diode characteristics. In
most practical lngh-impedance detectors the diode current 12 very amall
{due to the large load resistance), and the diffusion capacitance 18 there-

fore small comparcd with the varrier capacitance  The resulting
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detector inpul capacitance is approximately equal to the diode barrier
ca‘pacitance. and does not vary appreciably with input voltage and tem-
w o perature,
i : The performance of a high-impedance detector circuit (particularly
| one having maximum load resistance) 1s largely dependent on the charac-
teristics of the diode. Fa-tors that affect the selection of diode type are
as follows: |
- 1. Low forward voltage in the range of operating
forward diode currents (usually of the order of
microamps,.) results in high voltage efficiency,

2. Low diode reverse current results in high input’ ¢
resistance and high voltage efficiency.

3. Fast switching (i.e., low charge storage)
results in high input resistance at high
frequencies. |

4. low diode barricr capacitance results in low
detector 1npul capacitance.

5. The maximum reverse voltage rating must be

larger than twice the largest peak input voltage,
Further discussion of the choice of diode type is given. in Section V-4,

'] The measured voltage cfficiency, input resistance and input ¢
capacitance ot high-ampedance detectors with maximum load resistasce
and S570G germanium: and FDI00 wsilicon divdes are plotted in Figs. 25
through 30 as functions of input voltage The voltage efficiency is
Rgreater than 90 percent for anput voltages greater than 0. 7 volt peak

for the $570G. diode, and 2.0 volts peak for tie FD100 diode. For

. smaller input voltages the voltage efficiency 18 lower  The variation
127
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of the voltage cfficicncy with frequency is negligible. The input re-
sistance varies directly with input voltage and inversely with signal
frequency. (Sec also Figs. 22 and 23.) The lowest input resistance

is obtained at  low input voltages whe re the input resutancé approaches

the diode small-signal resistance, ploited in Figs.. 22 and 23 as a

function of signal frequency for the S$570G and FD100 diodes respectively.

At 100 Mcps the small-signal resistances cf the S570G and FD100 diodes
are approximately 10 K ohms and 25 Kohms respectively.

The input capacitance of the high-impedance detector with the
$570G diode (Fig. 29) 1s nearly constaut at 0. 75 puf with varying signal
level. The inpul capacitance of the detector with the FD100 diode
(Fig. 30) increases from 0.7 puf to 1.2 uuf as the peak 1nput voltage
increases from 0.1 volt to 5 volts,

The variations of the detector-circuit parameters with tempera-
ture can be calculated using the results given in Section {1I-6. Sample
calculations and measurements reported in Section 1V-6 show that the
change in voltage cfficiency of a high-impedance detector using either
diode 18 negligible. The calculated and measured changes of input
resistance with temperature. {or an input voltage of 3.2 volts peak,
are plotted in Fig. 50. The input resistance at 50°C 18 apprommately“
70 percent of the value at 20°C. The theoretical calculation predicts
a decrcasce of approximately 50 percent under the same conditions At
low input voltages., where the detector input resistance approachee the
diode small-signal recistance  the expression for the variation of input

resittance with temperature derived 1n Section 111-6 18 approximately

-
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Using the parameters of Section IV-6, the decrease of input resistance
with increasing temperature should be approximately four percent per
degree C for both diodes. No measurements were made to verify this
result bacause of the limitations of admittance-bridge accuracy for
measurements of this type., (See SectionIV-1.)

The input capacitance of the high-impedance detectors plotted in
Fig. 5] increases less than 0.1 puf as the temperature increases from

20 to 50 degrees C. This variation is discussed in Section IV-6,

3. Pulse Detectors

Some consideratians that affcct the sclection of pulse -detector
circuit components are as follows:

1. A large load resistance RL gives high voltage
efficiency with good hinearity at low signal
levels, high input resistance and current
efficiency, and low 1nput capacitance. A
small load resistance produces short rise- and fall-
times and facilitates output coupling from the de-
tector.

4 A large value of load capacitance CL gives
high voltage cfficiency and Yow input capacitance.
A small lead capacitance gives short rise- and fall-
Lilie s

1. Alarge drtving-circuil resistance RA grves high
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current efficiency and a current cﬂ'iciency‘that 18
more nearly constant with signal level. A small
value of driving-circuit resistance produces
more nearly constant loading on the (transistor)
current source.

1.4 A small driving. circuit caparitance CA produces
short rise- and fall-times and may produce higher
current efficiency. A large value of C, results
in little flattening of the detector input voltage
waveform, and hence in a current efficiency that
is more nearly constant with signal level.

Desirable qualities for a diode that is used in a pulse detector
and their influence on detector performance are as follows:

I. High forward current at the diode operating voltage
results in high voltage efficicency.

\ 2 Low diode capacitance results in low deicctor input !
capacitance, ) :

3. A diode with iow charge storage gives high detector |
imput resistance at high frequency, and hence high
current efficiency at high frequency

4. The maximum reverse-voltage rating must be larger

than approxamately twice the maximum peak detector

input voltage

The design of a diode requires some compromeses among these quahities.,
A partscular divde may be superior in some quahities at the expense of
others  The welection of a diode type for a detector as therefore also a

compromisce
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The procedure for the design of pulse-detectlor circuits will be

illustrated by the design of four sample pulse detectors,

cations for the sample detectors are given in Table 3

The specifi-

The center

frequency, minimam input voltage and rise-time are normally dictated

by the system requirements.

transistor circuit to which the detector output is connected.

The bias current is determined by the

(It may be

desirable, under certain circumstances, to buck out the bias current,

in which case the uncertainty in bias current would have to be cunsidered.)

The minimun. possible value of CL and CA' and the maximum

possible values of RA and R, are determined by the residual circuit

capacitances and losscs.

The sample detectors and their driving circuits

are desighed to provide maximum current e¢fficiency over the range of

input currents irom 0. | to 1.0 ma peak.

Szccxﬁcations for S.\mplc Pulse Detectors

Detectour
Number

v

-

Center
Freq.

100

Rise-
Time

(nscec)

.....

Min lnputTl\xas
Current

Voltage

(volts peak)

0.1

.......

Min. C

L

Max. RA

{K ohms)

.........

Ihe detedtors are designaed as tollows

?

!




The rnax mum value of load resistance R that

L
produces a detector ouatput [or an input voltage of
0.1 volt with a bias current if -0.05 ma is (sce

Section I11-7).

0.1

Rl max “0.05m * & Kohms

v

This maximum value 1s used in all the detectors in
order to produce the highest possible voltage ef-
ficiency, 1nput resistance, and current efficiency,
and to minimize the detector 1nput capacitance.
{Additional specifications on detector lincarity
could l¢ad to a requirement for a smaller value of

R, . as discusscd 1n Section 111-7.)

L
The maximum value of drniving-cire mt resistance
RA is used to obtain the highest possible current
efficiency.

The largest value of load capacitance Co that wall
give the desired mise-time is uscd in order ‘o maximize
the voltage cﬂxcicm.jy and muuamaze the detector in-

p\;t capacitance {The discussion of Section 11-4

shows that there is no advantage in increasing CL
heyond the point where ‘"RLCL 1s much larger

than umty.)

The mimmum value of driving circuit capacitance

CA is used to pernmt the use of as large a value of

(11 as possible
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Wlen RA is much larger than Rin' the rise-time derived in

Section III-8 1s approximately

Te 2.2 Ry (CL + CA/h)
Since the parameter h = RL/ZRin varies with signal level, the rise-
time is more nearly constant with signal level when CL is larg and
CA is small. (The converse is also true. If Rin 13 much larger than

R then the rise-time is more nearly constant with level when CA is

A’
large and CL is small.)

Table 4

Deliln Values for Sample Pulse Detectors

l;)qc:‘t;%t:: RL CL RA (A Diode
(Kohms) (put) (K ohins) {(ppf) Type

! 2 1oy 20 o §$570G

2 2 100 20 t $5.0G

3 2 15 20 6 S6870G

i 2 1% 10 t S$570G

Derign values of €. are obtained trom the expression tor the rise-time

Kiven above, assunung @ nonunal value tor the pasaiocter ot umity For
detectors Number 1 and 2 (Z' 108 ppt, aud tor detectors Number 3 and

4. ('.l 17 ppt To be onthe satc sides values of 100 ppt and 15 puf were

nsed  The inequahity of Fquation Ly Section 1l -8 18 satistied in both

cascs, so the fall-times and rise times shanid he egual

13>




Table 5

Calculated Performance for Sumgle Pulse Detectors
g ] c ]
Sfor an outut volule of 1.0 voltt

Naector v Rin Cin ° Ty
{(perce.t) (K ohmy) (wuf) (percent) {(usec)
S I BERRRRROAY AREELEEELS Jocenrana
1 66.9 1. 50 1.15 66.5% 0. 446
2 67.3 1.36 0.8 55. 1 0.446
3 60.8 1.60 1.38 55.8 0.101
4 63.9 1.06 0.85 5.8 0.089

The design values for the sample pulse detectors are given in
Table 4. Type S570G germanium diodes were used because they combine
fast switching and ‘ow capacitance with moderately high forward current
and adequate back voltage ratings. Further comparison ot diode types 18
made in Section V-4.

The performance of the sample pulse detectors was calculated
using the methods of Seuction I1l, and the diode parameters from Table 2
in Section 1V-4. (A value of unity 1s assumed for Giy) at !5 Mcps ) The
values of Cm measured with tue detector having a large load capacitance
were used i1n the calculations. A load bias current XE -0 was assumed.
The detector parameters calculated for an output voliage VL of 1.0 volt
are given in Table 5 The values ot voliage c¢ificiency. 1nput resistance
and input capacitance are for the detector alone, assuming a sinusoidal
input voltage. The current ¢fficiency 18 calculated using the approximate
parameter values from Figs. 46 and 47. The nise-time 1a calculated

using Fquation 12 in Section U]-8  The fall-time should be the same.
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“he sample pulse detectors were built ard tested using the trans-
sistor driving circuit described 1n Section IV-1. The tuned-circuit ir-
ductances were adjusted for resonance with an input current that produced
a detector output voltage of 0, 7 volt. The measured current efficiencies
for the four detectors are plotted as functions of peak input current 1n
Fig. 54. The calculated current efficiencies for a detector output of
1.0 volt are shown as solid points on the plot. In all cases the agree-
ment between the calculated and measured values 1s better than 10 per-
cent, The current efficiency 18 constant to wathin #7 percent for input
currents between 0.2 and 1.2% ma peak. Below 0.2 ma. the current
efficiency decrerases. At low signal levels the input capacitance de-
creases and the resonant frequency of the tuned carcuit mises. This
detuning results 1n somewhat lower values of current efficiency for
smal! input currents than would be obtained if the circuit were tuned
at low level. The reduction of current efticiency at low levels s
varticularly pronounced 1a detector Number |

I'he CW passbands of the detectors were measured at three
signal levels, as follows'® The detector output voltage 18 held constant,
as the signal frequency s varied by adjusting the input current lhe
bandwidth 1s takei as the difterence between the trequendies at which
the required input current 1s 3 db above the mumimum input current.

Tne center frequency 16 defined as the average of the 3 db trequencics
The percentage change 1in the mcasured center trequency 1s plotted as a
function of input current tor the tour sample detectors an Fag S, wath
the center trequency for | oma peak input curcent takoen as the reterence
Fhe changes i center tregquency are due to the changes tmanput capaci-

tand ¢ of the detectors,
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"he CW bandwidths of the sample detector circuits are plotted
as functions of peak input current in Fi1g. 56. The bandwidths increase
with increasing input currcnt due to the decreases 1n detector input re-
sistance. (The increase of input capacitance with input current tends to
reduce the bandwidth, but this effect 15 smali cu. npared with the effect
of the decreasing inpul resistance.) The change of bandwidth for de-
tectors Number |, 2 and 3 is small in the range of input currents from
0.08 ma to ! ma peak because the change in input resistance 158 small,

In the 100 Mcps detector (Number 4) the input resistance 1s lower than
in the lower frequency detectors, and input currents from 0,08 ma to 1
ma peak produce smaller detector input voltages than in the other de-
tectors. At lower input voltage the varnation of input resistance with
input voultage is greater, as showi in Mg, 3% resulting 1n a larger
varnation of the CW bandw:dth.

It should be noted that the CW bandwudth can not be used to calcu-
late the detector rise-time. since the rise-time 's a function of both the
detector driving circuit and the detector load caircuit. RF rise-times of
0of 0.1 usec and 0. 5 usec require RY bandwidths of 7 Mcps and 1,4 Meps
respectively. Detuning of the resonant carcuit mav. however, result in
the passband not covering the requured frequency range around the signal
frequency. lhis effectra mimmized af the arcmt 1s tuned when the input
asrgual level is srar the lowest to be uned, since changes in venter {je-
quency woth increasing signal tevel are compensated for by the increasing
vandwidtli.  (This problem can not be alleviated by increasing the tuned -
citomt capaaitance (€ A S the CW bandviadth ts reduced by the same
proporaon as is the variation an center trequency )

Phe rires and tall-tum < ot the saple detector aircuits were
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measured using an RF pulse gencrator as a signal source. The de-
tector output signal was observed with a Tektronix 545 oacilloscope and
53/54 C preamplifier. The RF filtecr was removed from the detectur
output, (sce Fig. 17h) and the detector load capacitance CL reduced

to compensate for the capacitance prescnted by the Jsc:lloscopc probe.
The measured rise time of the input pulse was 0.06 uscc  The com-
bined rise-time of the oscilloscupe and preamplifier were 0,015 usec,
The detector rise-time was calculated by assuming that the overall
rise-time 18 the square root of the sum of the square of the pulse gener-
ator, dctector, oscilloscope and preamp.ifier rise-times. Lhe accuracy
of the measurements 153 cstimated to be £0. 02 sec The rise- and fall-
times measured with a detector output voltage of 1 0 volt are given in
Table 6. In all cases the agreement with the calculated values 1s within
15 percent. The varation of the rise- and fall-times with signal level

19 less than £10 percent tor detector output voltages trom 0 05 volt to

1.0 volt,
Table 6

Sample Detector Rise - and Fall-Times
lMc;surt_'d with an uutBut voltaﬁc of 1 0 volr;
Detector Risce - ime Fall-Time T
Number WMsO) s

1 0 52 g e

2 0, »0 0 S

§ 0 10 0 1o

] l 0 08 0 I




Oscilloscope photographs of the inpat to the *ransistor circuit and
the output from the sample pulse detector are showu 1n Fig., 57. The phase
of the RF pulse is synchronized with the video pulse and the oscilloscope
trace. Figures 57a and b show the input RF pulse and the dctector output
of detectors Number ! and 2 respectively. The sweep speed 1s 0.2 usec per
cm and the vertical sensitivity is J.5 volt per cm or the upper trace and
0.2 volt per cm for the lower tracc in each photograph. The RF nipple on
the 15 Mcps detector output 18 more than twice that on the 30 Mcps detector
output. as exp.cted, (The oscilloscope responee in approximately 3 db
down at 30 Mcps and therefore the indicated 30 Mcps ripple ia smaller
than that actually present.) T'he RF i1nput pulse and the output of detector
Number 3 are shown in Fig. 57c. The sweep speed 10 0.1 psec per cm,
and the vertical gensitivil.cs are the same as 1n Figs 57a and b, The
shorter rise- and fall-times and more pronounced RF ripple as compared
with detector Number & are evident, Figure 57d shows the vutput of the
100 Mcps detector (Number 4). The sweep speed 18 0. | psec per cm and
the vertical senmitivity 18 0.5 volt per cm. Figures 57¢ and { show the
oatput of detector Number 3 with output voltages of 1 0 volt and G. 1 volt
respectively. The sweep speedas 0.1 psec per em and the vertical
sensitivities are 0.5 volt ver ¢ and 0,05 volt per ¢m respectively, The
constancy of the rise- and fall-times with signal level 1a evident,

Measurements were made of the perrormance of the sample de-
tectar circuits as a tundction of tempe rature trom 10 o 50”C. The var-
ations .n gawmn. center frequency and output resistance of the transistor
¢ rant loaded with o fixed resiator were nweasured cver thig temperature
range and tound to bhe neeghible conpared with the vanatons resalting

trom the pulse detectors. The variation of carrent etficiency with
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Fig. 57. Oxcilloscope photographs of sample pulse detector waveforms. The detec-
tor output pulses input RF pulses for detectors Number 1, 2, ond 3 ore shown in
(o), (b), ond (c) respectively. The detector output pulse of detector Number 4 is
shown in (d). Sweep speeds are 0.2 usec per cm in (o) ond (b), and 0.1 psec per cm
in (c) ond (d). Owutput pu'ses from detector Number 3 having amplitude of 1.0 volt
ond 0.1 volt are shown in (e) ond (f) respectively, with a sweep speed of 0.1 usec
per cm,
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temperature was mcasured for input current levels 0of 0.1 ma and 1.0 ma
peak. Figure 58 shows the results obtained with detector Number 3. 7The
current efficiency is constant to within 4 percent for 1.0 ma input and 6
percent for 0.1 ma input. The variations in current efficiency calculated
using the approximate method described in Sectic \ III-6 are shown as
broken lines in Fig. 58. The agreement is within 5 percent for 1.0 ma
input and 30 percent for 0. 1 ma input. The large discrepancy between the
calculated and measured current efficiency for 0. | ma input is attributed
to the detuning of the resonant circuit due to changes of the detector input
capacitance. At low input current the detector input capacitance decreases,
causing detuning of the resonant circuit and a reduction of the measured
current efficiency. As the temperature increases, the input capacitance
increases, bringing the resonant circuit into tune again. Similar results
were obtained for the othar detectors.

The CW passtands of the sample detectors were measured as
functions of temperature with mid-band input current levels of 1.0 and
0.1 ma peak. The percentage change of center frequency for a mid-
band input current of 1.0 ma 18 plotted as a function of temperature 1n
Fig. 59 with the center frequency at 20°C taken as a reference. The
center frequency decreases approximately 0.1 percent per degree C
increase in temperature for all the detectors. This decrease is 1n good
agreement with the increase of input capacitance with temperature shown in
Fig. 81. Similar results are obtained with an input current of 0.1 ma
peak. The CW bandwidths of the sample detector circuits increase some-
what with increasing temperature due to the decrease of detector input
resistance. In all cases, the measured change 1s less than 20 percent over
the range of temperature variations.  he decrease in detector wapat oo-
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sistance over ‘his temperature range is of the order of 30 percent, and
the increase in tuned circuit capacitance due to the increasing detector
iﬁﬁut capacitance is approximately 10 percent. The change in bandwidu'i’ f
resulting from these changes is in good agreement with the measured
bandwidth variations,

The rise- and fall-times of the sample detectors were measured
as functions of temperature. No measurablc variation was observed in
any of th’e sample detectors over the temperature range frc;rﬁ 10 to 50°

C.

4. Diode Types

\ Measurements were made to compare the performance of several
diode types in both high-impedance and pulse detectors. At lcast three
samples of zach diode type were measured in order to obtain cstimates
of variations of the mcasusrcd paramcters from diode to diode. The diode
types used in the measurements are listed in Table 7, along with the
diode matcfial. manufacturcr, maximum-reverse-voltage rating, and
specified reverse-recovery tirne. Since the reverae-racerry time depends
on the charge stored in the diode, diodes having short reverse-recovery

timexs (fast switching)should also have small charge-storage factors and

there fore give high detector input resistance, Diode types having short

‘feverac-recovery time were therefore sclected lor the measurements.

(The IN64 is a compzvatively elow. gwitching diode that is included for
comparison.) Since the reverse-recovery times for the various diode
types arce not specified under the same conditions, direct comparisons
of the values are not, in general, valid,

The input resistance and input capacitance of h{gh-impedancc
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detectors usiny several samples of the various diodes, maximum load
resistance, and an input voltage of 2, 5 volts peak were measured at a
eignal frequency of 100 Mcps with the Q meter. The results are plotted
in Figs. 60 and 61. At this input voltage the voltage efficiency of the
high-impedance detector circuit approaches unit, for all the divdes.
Among the germanium diodes measured in high-impedance de-
tectors, the S570G and the HD2964 gives high input resistance and low
input capacitance. The 8$570G diode was selected for use in high im-
pedance detectors on the hasis of availability. The HD5001 silicon
diode gives the highest input resistance and lowest input capacitance
among the silicon diode nieasured. It was not, however, available in
quantity at the time. The FD100 diode was selected for the high im-
pedance detector measurements since it was also used in the pulse de-
tectors. [ts performance is comparable to that of the IN916 diode. Both
divdes are inferior to the $570G for use in high unpedance detectors.
The voltage ~fficiency, input resistance and input capacitance
of pulsc detectors with the various diodes. a load resistance of 2 K ohms
and a load capacitance of 47 puut were measured with the Q meter at a
signal frequency of 100 Mcps  The detectors using germanium diodes
were measured with an input voltage of 0. 35 volt peak. Those using
silicon diodes were measured with 0,55 volt peak. The resultr of tae
measurements are plotted in Figs. 02 through 64, The current ef-
ficiency that would be uobtained with a driving-virciit resistance RA
much larger than the detector input remisiance Rm 18 given by

e R
v in

% —“_l- ' Ry >R
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This current efficiency was calculated for each diode measured, The
results are plotted in Fig. 65.

The §570G diode was sclected for the pulse detector circuits
bhecause it gives the lowest input capacitance and close to the highest
current efficiency among the germanium diodes t- sted. The HD2963
diode gives shighily higher current efficiency at the expense of a much
larger input capacitance. The HD5001 diode is outstanding among the
silicon diodes tested for pulse detectors since it gives a current ef-
ficiency approximately three times that given by the next best diude,
and has the lowest input capacitance. ifowever the HD’001 diode was
not readily available at the time. Of the remaining silicon diodes,
the FDI00 gives a higher curreat effictency and a lower input capacitance

and was therefore used in the pulse detectors.
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neghigible loading, this Timntation as not serious

VI. Summary and Conclusions
. m__}'____.___._-m

The design of semiconductor -diode detectors intended for use

1

with low-lcvel transistor circuits in the 10-100 Mcp:: frequency range
has been investigated. A study of the literature on detector -circuit
design and scemiconductor-diode theorv has been mad . A survey of
the applicable literature appears in Scection II. As a result of the
complex nature of the semiconductor divde, detector -circuit.analyses
using simple diode equivalert circuits do not yield accurate results.
On the other hand. the results of theoretical studies of diode operation
arc too complex to be used for practical circuit design.

The detector -design theory that is presented in Section [l
makes use of semiconductor -diode theory, with simplifying approxi-
mations, The‘ thcory permits calculation of detector <circuit per-
formance in the basis of measurements of diode parameters. The
measured performance of high-impedance and pulse detectors using
both germanium and silicon diodes 18 compared 1n Section 1V with
the performance calculated using the design theory. The agreement

between mcasqrc-d and calculated performance is good over moderate
ranges of signal level,

The voltage efficiency of higheimpedance detectors s accurately
predictable for inpot voltages greater than one or two tenths of a voit
pcak.n The uscfulness of the design theory for p‘rcdxcung the input
resistance of a high-impedance detector is limited by the difficulty
of accurately measuring the rharge-storage factor in some diodes,
and by an apparent increase in the charge -storage factor with signal

level. Since high-impedance detectors are normally designed for
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The range of signal level over which the calculations yield
good agreement with measured pulse detector performance is governed.
by the range over which the assumed diodc static characteristic closely
approuxinatcs to the actual characteriatic  In the examples of Section
IV, the agreemsant is good over a r«;mge of input + ‘lugei of approxi -
mately a decade for the germanium diode and approximately a half
decade for the silicon diode. It should be possible«: to obtaiu good
agreement over other ranges of input level by using different assumed
characteristics.
| The input capacitance of a pulse detector is not predicted
accurately by the detector -design theory as a result of bulk inductance
in the diode. The input capacitance of detectors using diodcs such as
those measured is of the order of 1.0 upl and varies only slightly with
signal level and temperature. These variations are explained by the
design theory. The change in detector input capac:tance resulting
from a change of detector load capacitance can be calculated on the
basis of the theory.

At very high signal frequencies the bulk impedance of the semi-

.

cenluctaor Aiade harnmeae annreciable compared with the barrier im-
pedance, and some of the approximations used in the design theory *
arc not valid. The voltage cfficiency is no longer conatant with fre-
quency and the input resistance 18 higher than the theory predicts.

These effects have been observed 10 sulse Jdetectors using compara-
tively ll\)w;lwitching diodes (¢ g , 1N64) in the 10-100 Mcps fre-

quchcy range. The theory appears to be valid to frequencics at leant

as high as 100 Mcps tor the other diodes that were measured (see

16]




Seciion V-4). all of which (with tte exception of the $347G and
CTP685) have gpeciﬁed reverse-recovary times below ten mill-
microscconds. |

'The éffect of low-Q driving circwits on detcctor performancex
‘can be estimated using the results of Section II1-5 ar+ the parameter
valucs shown in Figs. 46 and 17, Although the resulting change in
current efficiency is small in most practical cases, substantial
erré'rs in voltage measurements may occur if the flattening of the
input voltage waveform 18 not taken into account,

Theory is presented in Section 11{-0 that describes the changes
«{ detector -circuit performance with moderate variations of tempera-

ture. The agreement with experiment is good over a range of temper-

...ature considerably larger than normal room-temperature variations,

The variations in performance are approximately the same for
detectors using germanium and silicoun diodes.,

The application of the theory to the practical design of high-
impcdancce and pulse detectors is given in Sections V-2 and V.3
respectively. Sample designs have been cerried out for both types
of detectors. Measureinents of the performance of the sample
detectors are reported. Additional measurements that compare the
performance uf a variety of diode types in both high-impedance and

pulse detector circunts are presented in Section V-4
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APPENDIX A

Solut:on of the Simplified Diffusion Equation for Larpe AC Signals

The simplified ditfusion equation, boundary conditions and cur-
rent equation given by Shockleys' ? for a planar diode having wid: dif-

fusion regions are as follows:

.- 2,1;;.'1 + D, :i :
oo =g e PV
p(®) = p .

Jpx - -q Dp x

The symbols used here are defined 1n Section 11-3. Figure 7a shows the
diode configuration that 1s assumed
Taking {p - pn) as the independent variable; the diffusion equation

18 solved by separation of variablcs:

Ynl .tx— "'YnTp-
p'Pn-z' A v P R Owe

n n

x J—
V“‘ + -L—p- \lf'yn TP

l.p | Dp Tp . Applying the boundary

where 7, 82 parameter and

conditions,
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qu/kT A
p-p"-'-pn(e 'l)=};Ane

Asswning 2n applied junction voltage of the fu.in

V. = Veoswt - V

D L’

and letting the parameter vy take on values,

-yn*-nju. for n=0,21, 22, etc. ,

the solution takes the form of a Fourier series;

(V cos wt - VL)q

P-p,*Pr, ® < o B

nz-e

The coefficients A“ are found by Fourier analymwis:

.
L
A, =P, e L) - Yy

The hoie densaty p s given by

1~5

A
n

jnwt
er



I L L
p=pnil+ e Liph-1fe P
V. gq . X —
LY jnut - i~ I+ jnaT
o p
+e 1 (-l‘-!-%){e P
nzl

-jnuwt - t’-‘-— 1+ jnqu )
+e P

The hole current density J at the junction s
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When the small -signal approximations,
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v Vv kT
ll(p?)"‘ﬁ ' v<<..._q ,
v
jn(ﬁ)ﬂ 0 for nfo, 1,

are used, these results agree with those of Shockley. 8.9
Corresponding expressions can be derived for electron current

The components of the total diode currernt are

Ve e
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et

The quantities Ilg. Lp and L"u used here are those defined in Scction
w
I1-3 that apply to the wade planar diode. It can be shown that the same

solutions fuor the tolsl divde current are obtained for a narrow planar
“iode and a hermispheric diode if the corresponding expressions for

1 L and L" from Sections 11 3 are used. The solunions for

s ’ W w
these cases follow that presented above

Ia8



APPENDIX B

Calculation o« the Derivatives of Detector Parameters with Respect to
Reverse-Saturation Current

The detector voltage efficaency e, is calculated from the ex-

pression given in Section 11I-2:

-
v VvV, /¢
{‘RIL: R I W\ 7L

A

-

where the reverse resistance RR is 1ncluded 1n the load res.stance RL .
The detector inpul voltage V is held constant and the derivative of V

L
with respect to lR is calculated:
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Rearrangiiy terms,

The normalized derivative of voltage efficaency €, Wit respect to XR

18 then given by

__l_ dev ] l ) dC!’ ‘ d\'l:
) Eﬂ; VL NL .t“;‘

. ¢
g VLot RU

The detecto™ input resistance Rm and nput capacitance Cl
are calcnlated using the diode AC current l| . The portion of the diude

AC current due to diffusion tlow 1, 18 given by see Section 111-3),
‘D

A -
orag e M G ey

The dervative 18 calculated as tollows
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‘The portion of the detector input resistance due to diffusion current 18

given by

R = V. G(w) + jB(w)
D l'," (o] (M)

The normalized derivative of Ry with respect to lR 18

Y - S )] . ViG() ¢ Bl |
LY VEL + B 1,02 Gle) "

The portion of the detector input capacitance due to diffusien current

1% given by
L

c. - _D Blw)
D WV  Glw)+ jB)

The normahzed derivative of Cl) with respect to lR 18
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